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Preface

Since the invention in 1960 of the Metal Oxide Semiconductor Field Effect
Transistor (MOSFET), the CMOS semiconductor industry has invariably
invented new feats to progressively reduce the minimum gate length, from the
micrometer scale (= 10um) to the current 7-14-nm gate lengths or the new
5-nm technology node predicted to be manufactured in 2020-2021, all with
the aim of fabricating more reliable devices and even more advanced circuits
and systems, with billions of transistors per chip.

With all the benefits that transistor size scaling brings to power, area and
performance, approaching the atomic scale poses, due to the very discreteness
of matter, an important peril: the increase of variations of the transistor’s
intrinsic performance, thus critically compromising the fundamental reliability
of the fabricated devices and circuits. In this way, variations of fabricated
transistor parameters, like for instance threshold voltage or mobility, as well
as their degradation during circuit functionality, have become an increasing
concern in nanometer integrated circuit design. Moreover, a significant increase
of gate leakage current has emerged due to the scaling in the thickness of the
transistor’s insulator. In this scenario, to increase performance and reliability
of the fabricated devices, new and more complex stack materials have been
introduced, such as silicon oxynitride (SiON), High-K Metal gate insulators
(HKMG) and new device geometries like FinFETs, FDSOI or MuGFETs have
emerged in ultra-scaled technology nodes to continue with the scaling trend
and have better control of the short channel effects.

The variability in the transistor parameters, stochastic by nature, must
be massively characterized in order to capture those variations with a re-
presentative and sound statistical sampling. Variability sources are divided
in two different types: first, the time-zero variability, typically known as
process variability which occurs during the fabrication process and consists
in a permanent either random or systematic, shift of the device parameters;
second, the time-dependent variability, which occurs during device or circuit



operation over time and includes transient effects like Random Telegraph
Noise, and degradation mechanisms or aging effects, like Hot Carrier Injection,
Bias Temperature Instability, Time Dependent Dielectric Breakdown, Stress
Induced Leakage Current, etc., which are potential sources of device and
IC variability that can lead transistors to a progressive degradation or to a
permanent failure.

In order to reduce or mitigate variability effects, novel variability-aware cir-
cuit design techniques are required to assess the combined impact of time-zero
and time-dependent variability in advanced technology nodes. Variability-
aware techniques utilizes accurate compact models, which are based in statisti-
cal characterization of individual MOSFET devices. In this regard, providing
statistically accurate characterization of time-zero and time-dependent vari-
ability effects in modern CMOS technologies has, therefore, become a key
step in the path towards attaining truly reliable integrated circuits.

In this context, this thesis, structured in 4 chapters, will contribute to
the characterization and lifetime prediction of nanometer CMOS technologies
through a thorough study of extensive statistical data samples. To do so,
issues related to typical serial characterization techniques, which require
months or even years of continuous non-stop device testing, are overcome
thanks to a novel and versatile array-based IC chip design in conjunction with
a full-custom characterization framework. These two key elements, the IC
and the framework, can effectively be utilized to statistically characterize the
impact of different device variability sources in nanometer-scale MOSFETs
while significantly and outstandingly reducing the required characterization
time.

To gently introduce the reader to the material, in the first chapter of this
thesis, a brief discussion of the most relevant time-zero and time-dependent
variability phenomena in today’s fabricated nano-MOSFETs is provided. The
role that the interface states, present in the transistor insulator, plays in the
device variability is also explained here. Moreover, the necessary requirements
for both a capable array-based IC design and a trustworthy measurement
framework for the statistical device characterization will be described. Finally,
a state-of-the-art review of the pros and cons of the most recent array-based
ICs reported in the literature, for the statistical characterization of variability
phenomena, is presented highlighting the basic but important concept of
parallel stress in IC chips.
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In the context of getting enough statistical data to accurately characterize
transistor variability while avoiding non-feasible, on-wafer serial device charac-
terization times, the second chapter will describe the design of a novel array-
based IC chip, named ENDURANCE, by which time-zero and time-dependent
variability effects can be both observed and measured. To significantly cut
down the time for aging phenomena characterization, the versatility of the
ENDURANCE chip hardware, guaranteeing massively parallel aging testing,
will be described.

The third chapter describes an innovative and automated measurement
framework, named TARS, whose focus is to provide statistical measurements
to help CMOS analog and digital circuit designers to fight against variability
phenomena. Moreover, a novel and smart parallel aging testing technique
that introduces a significant reduction of the on-wafer serial aging tests from
years to hours will be described.

In chapter four, all data collected through the statistical measurements
conducted using TARS sofware have been used to study the effects of time-
zero and time-dependent variability phenomena towards attaining a precise
prediction of the expected technology lifetime. Moreover, several novel method-
ologies utilized for the extraction of transistor model parameters intended for
accurate circuit simulation will be also presented and described.

Finally, the most relevant conclusions of the work presented in this thesis
are summarized.
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CHAPTER 1

Variability and reliability
phenomena in nanometer

MOSFETs

Imperfections during transistor manufacturing process, causing variations
of the fabricated devices, worsen with technology downscaling. Shifts of
intrinsic transistor parameters, like threshold voltage (V) or mobility (i) at
the fabrication process, as well as their progressive variation during circuit
operation over time, are major culprits behind fatal performance deviations
that can negatively affect fabricated integrated circuits (IC) design and must
be statistically characterized and modelled [1,2]. The combination of time-zero
variability (TZV) and time-dependent variability (TDV) phenomena affects
and compromises the reliability of the fabricated devices and circuits reducing,
for instance, their intended lifetime.

In this scenario, the present chapter will briefly describe the most relevant
sources of TZV and TDV phenomena affecting nowadays nanometer MOS-
FETs. Moreover, the methodologies utilized to experimentally characterize
devices under accelerated aging tests will be described. In the last sections
of this chapter, a comparative analysis between conventional wafer-level and
array-based IC transistor characterization is presented. Moreover, the hard-
ware and software design requirements for a trustworthy array-based IC device
characterization under aging phenomena will be described. In this sense, an
analysis of the fulfilment of these demands in the most relevant array-based
IC works presented in the recent literature is included. Finally, the objectives
and contributions of this thesis are presented.
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1.1 Time-zero variability

Time-zero variability (TZV), also known as process variability, consists in
permanent deviations of the transistor parameters from their intended nominal
values that occurs during the fabrication process. Typically, TZV is divided
into stochastic and systematic variability. The stochastic group is defined
as the local or intra-die process variability and the systematic component
is defined as the global or inter-die process variability. On the one hand,
local process variability causes parametric variations or mismatch between
identically designed devices within the same die. On the other hand, global
process variability causes die-to-die, wafer-to-wafer, or lot-to-lot variations
between identical designed devices [3-5].

The main sources of TZV affecting CMOS device related to CMOS tran-
sistor manufacturing are: Random Dopant Fluctuations (RDF), Line-Edge
Roughness (LER) and Line-Width Roughness (LWR) variations, Oxide Thick-
ness Variations (OTV) effects and Poly-Si-Gate granularity. The randomness
of the mentioned atomistic effects is uncorrelated from device-to-device con-
verting each fabricated transistor in a unique device in terms of electrical
parameters [6,7].

1.1.1 Random Dopant Fluctuations

Random dopant fluctuations (RDF) are caused by stochastic variations in the
number and location of the dopant atoms in the channel region of a MOSFET
transistor. These dopant atoms are in charge of controlling, for example, the
Vip, of the fabricated devices. Thus, each transistor will have a unique doping
profile that causes random variations in the transistor parameters like the
Vin or the on-state current Ipy. Figure 1.1 shows a representative example
where the major variability sources in a MOSFET device can be located. The
RDF profile can be easily located inside the substrate region of the MOSFET
(see Figure 1.1) where a random number of blue dots, featuring the Random
Discrete Dopants, produces a unique atom doping profile [7,8].

The effect of RDF increases with technology scaling. This is because
the average number of dopant atoms in the transistor channel decreases
exponentially with technology scaling. For instance, assuming a doping
density of 10'8 /em?, the average number of dopant atoms in a hypothetic
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channel with Width (W) of 70nm and Length (L) of 40nm is approximately
100. Thus, the variation of the electrical parameters between identically
fabricated MOSFET devices depends on the low and discrete number of
dopant atoms in devices [9].

In this scenario, it is necessary to statistically characterize and model the
effects of RDF at the device and circuit levels to enhance reliability of digital
and analog circuits in nanometer scale regimes. For instance, the mismatch
produced by the RDF in the two cross-coupled inverters of a basic SRAM
cell can result in significant variation in the delay of a the circuit, data loss or
bit flip [8,9].

1.1.2 Line-Edge and Line-Width Roughness

Other important source of transistor variability related to nanometric channel
dimensions are the Line-Edge Roughness (LER) and Line-Width Roughness
(LWR) effects. Both phenomena consist in imperfections or variations in the
gate edges of devices that result in non-rectilinear shapes with respect to a
perfect linear edge. Figure 1.1, shows an illustrative example of both LER
and LWR effects in the gate region of a MOSFET device. The source of
these imperfections is related to the lithography and etching processes during
transistor fabrication [10,11].

Substrate ™

Figure 1.1: Example of LER/LWR, RDF and OTV in a MOSFET device [3].

LER and LWR effects do not scale according to the CMOS technology
scale trend. In large transistors (channel length above 100nm) LER and LWR
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were not a relevant source of variability since the edge roughness caused at
the fabrication stage remains typically in the order of ~5-nm independently
of the fabrication process. However, in current planar MOSFET, FinFET
and multi-gate fabrication processes, at the sub-100-nm technology nodes, the
contribution of LER/LWR is becoming a comparable fraction of the transistor
gate L and W thus, the resulting variability is significantly increased [12,13].
Moreover, LER/LWR variability effects on critical device parameters have
revealed that the inclusion of this phenomena in variability simulations have
resulted in Vi, and Ion/Iorr variations close to the nominal distributions
of the transistor parameters [14, 15].

Studies where RDF and LER/LWR effects have been simulated together,
have concluded that the combined phenomena effects are statistically indepen-
dent. Moreover, the effects of LER/LWR in the device parameters variations
have a much more stronger effect for channel length below 20-nm than for
devices with higher channel lengths where, the RDF become the dominant
TZV source [12,14,15].

1.1.3 Oxide Thickness and Poly-Si-Gate granularity

In advanced technology nodes, device insulator thickness below 10nm are
responsible for an important source of intrinsic parameter fluctuations such
as the oxide thickness variations (OTV) and Poly-Si-Gate granularity.

OTV are caused by imperfections or roughness in the silicon/insulator
and the gate/insulator interfaces across the gate stack of transistors as shown
in Figure 1.2 (a). The OTV cause variations in the Vi, u [16] or gate current
tunnelling [17] between identical fabricated devices.

The use of highly doped polycrystalline granular structures in the fab-
rication of Poly-Si gates of MOSFETSs to obtain electrical properties close
to metals, in combination with thin gate oxides, introduce another source
of transistor parameter variability known as Poly-Si-Gate granularity. The
Poly-Si-Gate granularity variability occurs when gate dopants do not diffuse
optimally down to the gate/insulator interface. Then preferential dopant
diffusion along grain boundaries results in non-uniform isolated doped regions
in the transistor gate interface generating local gate depletion zones as shown
in Figure 1.2 (b). This phenomenon results in an effective oxide thickness
increase and introduces additional random dopant charge on the side of the
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gate oxide opposite to the channel enhancing, for instance, V;;, fluctuations
from device to device [18]. Moreover, the introduction of High-k materials
in the transistor insulator with the aim of reducing leakage currents due
to technology scaling, also leads to localised variations in gate-to-channel
interface potential that results in Vi, variations between devices [19-21].

Figure 1.2: Oxide Thickness Variations in a MOSFET device in (a) and
Poly-Si-Gate insulator granularity variability in (b) [16] showing Poly-Si gate
boundaries and local gate depletion zones [18].

1.2 Time-dependent variability: the role of de-
fects in CMOS technologies

One of the reasons for the increase of transistor TZV and TDV is the reduction
of the transistor’s gate area, that must be linked to gate insulator thickness
(Tox) scaling, to mitigate the short channel effects of nanometric devices. It is
well known that conventional thickness scaling of traditional SiO insulators
became unfeasible at the 90nm technology node and below because of the
intolerable high gate leakage current mainly produced by direct tunnelling
through the gate insulator [22,23].

In this scenario, the semiconductor industry has moved forward and
started to manufacture transistors first utilizing Silicon Oxynitride (SION)
gate insulators. Later on, the introduction of High-K Metal gate insulators
(HKMG) at the 45-nm and 28-nm node allowed the continued scaling of the
device geometry without a significant increase of the gate leakage currents.
Nevertheless, to control the increasing short channel effects at the 20-nm,
16-nm and 14-nm technology nodes, the industry has migrated from planar
MOSFET to FinFET, FD-SOI FETs or Multi-Gate FETs [24-26].

5
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With the rapidly CMOS scaling trend imposed to newer CMOS technology
nodes, the influence of the previously described sources of device TZV in the
shift of the intrinsic transistor parameters, must be completed with device
transients and degradation phenomena during its operation over time. In
this sense, the Random Telegraph Noise (RTN) transient phenomenon and
the Bias Temperature Instability (BTI) and the Hot-Carrier Injection (HCI)
aging phenomena [27,28] have become critical issues in current ultrascaled
technologies. These mechanisms consist in the stochastic charge trapping/de-
trapping in/from device defects located at the device insulator, bulk or at the
interface. Moreover, the defects present in a CMOS device can be inherent to
the manufacturing process or also generated during transistor operation as a
consequence of BTT/HCI aging [29].

Defect charge trapping/detrapping may cause significant transistor para-
meters variations, for instance Vyp, or u, to shift from their as-fabricated values
that can cause device mal-function or a permanent failure [30]. To account
for the variability produced by the charge trapping/detrapping, three main
parameters of individual defects should be statistically characterized: the
capture time (7.) (the mean time needed to capture a charge by a defect), the
emission time (7.) (the mean time needed to emit a charge by a defect) and
the drain current shift (Alpg) or, equivalently, the threshold voltage shift
(AV4y,) associated to each defect, typically known as eta (). The analysis of
the three defect parameters revealed the following characteristics:

1. Both capture and emission time constants (7., 7.) are uncorrelated and
bias and temperature dependent [31,32].

2. Capture and emission defect time constants, can expand several decades
in time thus, the selection of an appropriate measurement time window
to characterize them is of high importance [33].

1.2.1 Transient effects: The Random Telegraph Noise

The Random Telegraph Noise (RTN) is characterized by a random switching
of the Ipg between two or more levels along time and has been recognized
as a significant variability source since it is responsible for device parameter
variability, such as the AVy, [33] at nominal operation conditions. These
current fluctuations are related to the capture and emission of charge carriers
by oxide and interface defects, showing a large dependence on device biasing
and temperature conditions. Moreover, RTN variability phenomenon increases
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inversely with area scaling negatively affecting, for instance, analog devices
and digital logic circuits like flash memories due to the V;, variability [34,35].
Moreover, RTN is not only present in conventional MOSFET transistors, it
can be detected in Resistive Random Access Memories (RRAM) utilized in
the design of non-volatile memories [36], Fully Depleted FET (FD-SOI) [37],
FinFET [38], Multigate FET [39,40], and nanowire FET [41] devices and
digital circuits [42].

Standard RTN characterization, that consists of executing a continuous
measurement of the Ipg while maintaining a constant Vgg and Vpg biases,
permits the studying of the RTN active defects parameters, determine its
location in the device and the defect energy depth below the conduction
band of the dielectric [33,43]. An accurate measurement is required since the
current fluctuations can vary just a few nanoamps while the time required for
the RTN characterization depends on the defect intrinsic capture/emission
time constants, which may span several orders of magnitude in measurement
time. For instance, Figure 1.3 shows two examples of typical RTN signals
where the Ipg fluctuate between two different levels that correspond to the
charge/discharge of a single active defect in a measurement time window of
2s each.

VG-DC= -0.50V
— =2.20
<
—
=) -2.15 l
Icl tf: 'EL_I_'— G-DC= -0.55V |
‘:t;_ -2.80F
—D [
275 i . X .
0.0 0.5 1.0 1.5 20
time (s)

Figure 1.3: Example of two RTN signals showing the location of individual
emission times t.,, capture times t., and the current fluctuations amplitude

(m:) [44].
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In this scenario, the RTN fluctuations originated from a single defect can
be fully characterized by three parameters: 7, that describes the average
impact on the V;j, or Ipg amplitude fluctuation, the 7. as the mean elapsed
time before the system captures a charge carrier (< ¢, >) and 7. as the mean
elapsed time before the system emits a charge carrier (< te, >) (see Figure
1.3 for individual ¢., and ¢, occurrence) [45].

1.2.2 Voltage and temperature dependence of 7. and 7,

As already introduced in section 1.2, charging and discharging of device
defects may produce Ipg device variations that are directly related to Vi,
fluctuations. This behaviour that compromises device reliability become the
source of transient effects like RTN as well as TDV aging phenomena such as
BTT and HCI [32]. In this sense, dependence with voltage and temperature
conditions of the t.,t. times associated to those variations [32,46,47] will be
shown. For instance, Figure 1.4 (a) and (b) shows the statistical distribution of
te and t. respectively, of an individual device defect from an RTN measurement
with fixed Vpg and increasing Vs conditions. In both Figures 1.4 (a) and (b),
t., and t., parameters have been plotted assuming its exponential distribution
where F, the accumulated distribution function, can be expressed by equation
1.1.

In(1—F(V,T)) = ﬁ (1.1)

)

As can be extracted from Figure 1.4 (a), for increasing Vgs voltage, the
slope of the t. distribution decreases, which means that the emission times ¢,
increase. On the contrary, the slope of the ¢, in Figure 1.4 (b) increases with
increasing Vg meaning that the capture time ¢, decreases [48].

Recent works have demonstrated that defect t. and ¢, times are reduced
with high temperature revealing that the probability to charge or discharge
a defect increases with temperature. For instance, Figure 1.5 (a) and (b)
shows the statistical distributions of the t. and t., respectively, of a single
defect showing that a temperature increase produces a defect time constant
reduction in both cases.
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Figure 1.4: Statistical distributions of (a) t. and (b) ¢, for a Alpg = 50nA
criterion and a fixed temperature of T' = 50°C' at different Vizg device biasing.
Lines correspond to the experimental fitting using equation 1.1 where the

mean values of < t., > and < t., > can be obtained as the inverse of the
fitting slopes respectively [49].
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Figure 1.5: Statistical distributions of the (a) ¢, and (b) t. of a single device
defect that produces a Alpg ~ 100nA for different temperatures [49]

1.3 Time-dependent variability: Aging

A progressive degradation of the intrinsic device parameters takes place
after long periods of time (months or years) working at nominal operation
conditions due to aging mechanisms like the Bias Temperature Instabilities
and the Hot Carrier Injection phenomena. These are sources of TDV affecting
the transistor parameters over time. In this scenario, it becomes practically

unfeasible to characterize BTI/HCI TDV aging at the nominal operation
conditions such long times.
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Typical aging characterization methods are based in the execution of
accelerated aging tests, in which temperature and/or the drain and/or the
gate voltages are raised above their nominal operation values over a much
shorter period of time. Thus, transistor parameters degradation is produced
in significantly reduced time. High voltages and/or temperatures are referred
to as the stress conditions while, after the stress, devices are measured close
to the nominal operation conditions to compute transistor parameter shifts,
if present, without introducing significant damage to the device. For instance,
degradation of V;p, is one of the essential parameters to determine MOSFET
degradation metrics and serves as an effective indicator when evaluating device
variability and reliability [23].

1.3.1 The Bias Temperature Instability phenomenon

The Bias Temperature Instability is one of the most relevant reliability con-
cerns for the nanometric semiconductor industry known by academia and
industry for more than 50 years. BTI degradation is known for pMOS devices
as Negative BTI (NBTI) and occurs when the gate of a transistor is negatively
biased resulting in a build-up of positive charge in the gate insulator. NBTI
phenomena progressive degrades intrinsic device parameters such as the linear
(Alprry) and saturation (AIpgar) drain current, the threshold voltage
(AVyp), transconductance (Agm), among others. For the nMOS devices, the
BTTI is known as Positive BTI (PBTT) and appears when a positive bias is
applied to the gate of the device while all the other terminals are grounded.
PBTTI causes an accumulation of negative charge in the gate insulator that
results in a positive shift of, for instance, the device V4, [50,51].

NBTI was first observed in devices based on Silicon Dioxide (Si02) in-
sulators. Nevertheless, it also continues as an important concern with the
introduction of new insulators like Silicon Oxynitride (SiON) [52] around
the year 2000 [53] where NBTI was the predominant source of transistor
degradation. PBTI has remained less predominant for nMOSFETs with SiO4
and SiON gate stacks until the introduction of newer High-K Metal Gate
dielectrics (HKMG) [54] and advance devices such as FinFETs [55, 56].

An intrinsic feature of the BTI phenomena, caused by the charge and
discharge of device defects, is that after the application of stress, where device
defects can be charged, the shift of the absolute positive parameters, like AV;,
or Ap, exhibit a recovery behaviour that tends to reach its non-degraded

10
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values immediately after the stress removal. This process is also known as BTI
recovery or relaxation and can be prolonged for several decades in terms of
measurement time. For instance, Figure 1.6 shows an example of the described
stress-recovery BTI aging behaviour where the AV}, parameter is shown for
pMOS and nMOS HKMG devices in Figure 1.6 (a) and (b) respectively [55].
A |AViy| occurs for both pMOS and nMOS devices during the stress phase
under BTT aging.

After the removal of the stress conditions, |AV;,| starts recovering its
original value due to the discharge of previously charged defects [57]. It is
important to remark that for the relaxation window of 1000s shown in Figure
1.6 (a) and (b), the total AV}, parameter does not reach a total recovery,
i.e., AV, = 0V and a plateau appears as the BTI permanent component
(P) [58,59].

T
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Figure 1.6: Example of the AV}, shift behaviour during BTI stress and
relaxation processes for 20-nm planar and 14-nm FinFET devices for pMOS
devices in (a) and for nMOS devices in (b) [55].

For long channel devices, i.e., channel lengths in the micrometer scale, BTT
behaviour can be detected with a smooth recovery trend due the contribution
of many device defect discharges as shown in Figure 1.7 (a). On the contrary, in
modern deep scaled devices, i.e., channel lengths in the nanometer scale, BTT
recovery behaves in discrete steps, as shown in Figure 1.7 (b), where abrupt
-AVy, defect discharges can be easily detected because only a few defects are
present in the device and their contribution is much more severe. Moreover,
BTI recovery starts immediately just after the stress biasing conditions are
removed. Thus, AV}, degradation is very sensitive to any measurement delay
where, the higher the measurement delay after stress removal the lower the
AV;p, can be captured.

11
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Figure 1.7: (a) smooth AV}, BTI recovery trace obtained from a pFET device
with SiON dielectric and L between 0.13um and 0.5 um and W = 10um
dimensions, after BTT stress of Vgg =-2V [60]. (b) 7 BTI recovery traces
showing discrete —AVyy, variations due to defect discharges for a pFET device
(L = 70nm, W = 90nm) and HfO, based dielectric [50]

Defects responsible for BTI degradation are voltage and temperature
dependent as well as frequency dependent. From a temperature point of
view, BTI degradation increases for elevated temperatures. Moreover, defects
that contribute to BTI degradation, show individual activation energy E 4 for
capture and emission time constants following the Arrhenius law [61]. In this
regard, Figure 1.8 (a) shows an example of the temperature dependence of
both the recoverable and the permanent BTI components when increasing
the temperature from 25°C to 200°C revealing the temperature dependence
of the < AV}, > parameter. Newer NBTI characterization techniques have
emerged in recent literature maximizing the degradation/relaxation utilizing
very high stress temperatures by means of controllable poly-heaters [62] to
assess the long-term BTI phenomena in the shortest time possible [63,64].

In terms of BTI frequency dependence, several works have been published
in the literature reporting AC-BTI weak frequency dependence [65,66] while
other studies have demonstrated a frequency-dependent contribution of BTI
[67,68] which exemplifies that the AC-BTI dependence is subject of controversy.
For instance, Figure 1.8 (b) shows a comparison of the recovery behaviour
between a previous DC stress of 1ks with Vio_gsiress = -2V and Vg _yelae =
-0.3V (open circles) and two AC stress waveforms during 2ks with f4c1 = 1Hz
(blue squares) and face = 100kHz (red squares). If the AC on/off waveforms
oscillate between Vg _stress/Va—reiaxr (-2V/-0.3V), the AVy, for DC and AC
stress merges only at the end of the recovery window while at the beginning
circles and squares are clearly separated. This behaviour demonstrates a

12
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frequency dependence of the BTT recoverable component while the permanent
component is not. Nevertheless, if a more positive AC-off value is used, (-
2V /40.5 and -2V/+1V), the frequency dependence is mitigated (see diamonds
and triangles in Figure 1.8 (b)) [67].
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Figure 1.8: Example of the temperature dependence of BTI phenomena of
both the recoverable (R) and the permanent (P) component under DC stress
n (a) [60] while (b) shows the BTT aging frequency dependence due to AC
stress [67]

The following considerations about BTI phenomena behaviour are well
accepted [32,69-71]:

1.

Even for short stress times (< 1s), emission and capture time events
show a wide range of characteristic time scales, ranging from ps time
scale to several decades in terms of logarithmic experimental window.

. Both 7, and 7. times of each defect are determined by its energy level

(ET), the defect depth into the gate stack and gate bias (Vgg). More-
over, the capture and emission events of each defect are stochastic and
exponentially distributed.

BTT defects are considered the same defects that originates the RTN
switching phenomenon. Thus, the difference between BTI and RTN
phenomena defect behaviour is that in an RTN experiment, a limited
number of defects with capture and emission time constants within
the experimental window are visible. On the contrary, due to the bias
dependence of the capture time constant, more defects contribute to BTI
because of a previous device stress that allows charging more defects
than in an RTN experiment.

13
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1.3.2 The Hot Carrier Injection phenomenon

The HCI aging phenomenon has been known for nearly five decades and
consists of a degradation mechanism where carriers along the transistor channel
are accelerated because of the imposed lateral electric field, (Vgs, Vps) > 0V.
This makes the carriers to gain sufficient energy to create insulator defects
altering permanently the electrical properties of the device [72,73].

Early in the 1970s-1980s, the positive supply voltage (VDD) in the CMOS
industry was fixed while transistor area began to scale, resulting in a strong
increase of the device vertical/lateral electric fields and thus, turning HCI
aging the most relevant transistor reliability issue. In the 1990s, VDD was
reduced with each technology node as well as the electric fields, attenuating the
HCT effects in the device/circuit reliability. Nevertheless, nowadays below the
100-nm node, the VDD biasing values are saturating around ~ 1V, increasing
the vertical and lateral transistor electric fields and, therefore, HCI aging
phenomena is becoming a more severe aging mechanism again [74-76].

The HCI degradation can be observed as a quasi-permanent shift in the
device intrinsic parameter such as V;;, a reduction of the saturation current
Ipsat, between others. In contrast to nanometer-scale devices where the
worse bias combination for HCI damage is Vgs = Vpg, early in the 1980s
the critical biasing condition used to occur at Vgg = Vpg/2 [77-79]. In this
sense, Figure 1.9 shows an example of the AV}, degradation suffered by planar
nMOS devices with L = 27nm and W = 90nm. As shown in Figure 1.9, AV},
degradation under stress conditions reveal high degradation for increasing
stress voltage.

HCA Vg=Vd 125°C,
,| measured at Vd=0.1V

Filled: Forward

Open: Reverse

10° 10" 10* 10° 10°
Stress time (s)

Figure 1.9: HCI degradation showing AV, shift after 4 Vgs = Vpg stress
voltages and measurements carried out at Vpgs = 0.1V, Vs &~ Vi, [78].
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HCT phenomenon is also frequency and temperature dependent. In this
sense, Figure 1.10 (a) and (b) shows two examples of device parameter
degradation due to HCI accelerated degradation under different temperature
conditions and AC/DC stress respectively. Figure 1.10 (a) depicts the AV},
degradation for various Vpg/T stress conditions showing that under high
temperature (T=398K), HCT degradation is larger than at low temperatures
(T=298K). On the other hand, Figure 1.10(b) shows the AIpsar at two
different temperatures under AC and DC stress conditions. The results reveal
a lower degradation when stressing with AC waveforms for the two tempera-
tures than for DC stress [80].
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Figure 1.10: Intrinsic device parameters degradation under HCI aging phe-
nomenon showing in (a) the AVy, for different Vpg and temperature conditions
and in (b) the Alpg for AC and DC stress at different temperatures [80].

To describe HCI degradation effects, the traditional Lucky Electron model
(LEM) [81] based on direct electron excitation was widely accepted for long
channel devices. As LEM postulates, the cause for HCI degradation involves
defects generated by electrons (e~) or holes (h™) that impact into the device
interface thanks to the high electric lateral fields in the device.

For nanometric devices, the LEM model predicts a very low effect of the
HCI phenomena because electric fields are reduced due to low supply voltages.
Nevertheless, recent literature shows that HCI degradation remains significant
for ultra-scaled MOSFETs and therefore new models are needed. In contrast
to the conventional field-driven LEM, recent literature proposed novel energy-
driven theories [82,83] to describe HCI phenomenon and accurately explain
and model the mechanism of carrier induced degradation and to overcome
the limitation imposed by the traditional LEM [79,82,84].
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Chapter 1. Variability and reliability phenomena in nanometer MOSFETs

1.3.3 BTI and HCI effects in circuit operation

In real circuit operation, BTT and HCI aging degradation can coexist degrading
devices and circuits while reducing the intended reliability of the overall circuit.
In this sense, Figure 1.11 shows an explanatory example where a simple CMOS
inverter designed with a pMOS and a nMOS transistor, connected in series
between VDD and VSS biased using a rail-to-rail, i.e., from VDD to VSS,
square signal. The following situations can occur during circuit functionality:

Voo Vin HCl HCI HCl

58 Time

Figure 1.11: Schematic representation of a CMOS inverter under a typical
square input signal showing BTT and HCI reliability phenomena.

1. Logical ’1” input (V;,= VDD): the nMOS transistor is in on-state because
Vas = Vap =VDD, while the pMOS transistor remains in off-state due
to Vgs = Vg = 0V. In this scenario, the PBTI phenomena appears in
the nMOS transistor (PBTI blue label in Figure 1.11) degrading the
nMOS device. Moreover, the pMOS transistor experiences the so called
Off State Stress (OSS) [85,86] because of the high |Vps| =VDD while
[Vas| = 0V.

2. Logical ’0’ input (V;, = VSS): in this case, the reverse situation can
be observed in the inverter. NBTI phenomenon appears in the pMOS
transistor because of the |Vig| = |[Vap| =VDD biasing (NBTT green
label in Figure 1.11), and the nMOS transistor suffers from OSS because
of the high lateral electric field when Vpg =VDD and Vg = 0V.

3. HCI device stress occurs during the dynamic switching periods of the
square signal when the Vg and the Vpg voltages are high enough and
there is current flowing through the devices. In this situation, when the
input signal changes from VDD to VSS or vice versa, HCI degradation
appears in the nMOS and the pMOS transistors (se red rectangles in
Figure 1.11).
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1.3. Time-dependent variability: Aging

The impact of TDV phenomena including transient and aging effects in
transistor and circuit reliability, have achieved an important relevance in
current advanced technology nodes. TDV aging modelling techniques and
advanced characterization methodologies have been proposed in the literature
to understand and mitigate degradation effects in the fabricated transistors
that will be briefly described in the next sections of this chapter.

1.3.4 Aging phenomena modelling

To accurately model the effects of aging phenomena related to BTI/HCI aging
mechanisms, several physical models have been proposed in the literature to
extrapolate to the nominal operation voltages, the accelerated degradation
suffered by devices under aging tests. Nevertheless, experimental results
have demonstrated that initial models, like the original Reaction-Diffusion
model [87], that was latter improved by the works in [88-90], are not suitable
to completely describe the aging phenomena in nanometer devices [50,91].
In this sense, newer models can be found in the literature to describe the
defect behaviour during BTT/HCI and RTN trapping/detrapping related
phenomena: the Two-Stage Model [92,93], the Two-energy-well model [94],
the Non-radiative two-stage Multi-Phonon (NMP) model [95] or the four-state
NMP model [96].

Despite the fact that NMP models provide an accurate physical description
of aging variability phenomena, they typically require computational intense
TCAD simulations with numerous physical model parameters. In this sense,
reaction-limited models such as the capture/emission time map (CET) model
[97] or the Probabilistic Defect Occupancy (PDO) model [98], which will be
described hereinafter, were proposed in recent literature as efficient alternatives
because they use a limited number of parameters and provide a physical
approximation for the NMP models [95].

In the context of accurate device and circuit modelling, this thesis will
provide statistically accurate parameters to feed the PDO model because
its simplicity to be used with experimental device measurement without
scarfing accuracy when reproducing aging degradation compared with other
models [99].
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Chapter 1. Variability and reliability phenomena in nanometer MOSFETs

1.3.5 The Probabilistic Defect Occupancy model

The PDO model allows describing the V;j, variability produced by BTI and HCI
aging phenomena. Moreover, the model permits obtaining V;j, variability under
arbitrary Vg biasing conditions and is based on the stochastic properties of
the individual defects localized in MOSFET devices. It assumes that each
individual device has a finite number of active defects (N) that can be charged
or discharged. This behaviour will produce different V;; variations in the
device due to the contribution of each defect. In this scenario, an active defect
can capture a charge producing a decrease of the Ipg device current or if a
defect releases a charge, an increase of the Ipg current is observed [52].

The PDO model permits the evaluation of the AV}, by analysing the state
(charged or discharged) of each defect as defined by equation 1.2. For a given
stress time t; and recovery time t, considering (i) the defect distribution
(D(7e, 7)) of the device in the (7., 7.) space and (ii) the occupancy probability
of a defect, P,.., defined by the probability if a defect is charge or discharged.
The P,.. depends on the MOSFET device operation conditions and the (7,
7.) values, the number of defects (N) and the mean defect impact in the
< AVip > (n)

Av;th (t57tr> :N<77> / / D(TevTc)'Pocc (TeaTcats>tr)aTeaTc+Pp
0 0
(1.2)

By using the PDO model a log-normal bivariate distribution is utilized
for simplicity, as the device defect distribution, which is defined by the mean
values of 7. and 7, times, < 7. > and < 7, >, their standard deviations o,
and o, and a correlation coefficient p between o, and o.,. The D(7,7.)
can be analytically obtained with the equation 1.3.

1

. exp D e ————————
2M0 <7, >0 <r,> /1 — p? [ 2(1-p%)

<TC<TC>>2<’T€<T3>)2 5 <7'C<Tc>) (Te<Te>>
—2p
O<re> O<re> O<r.> O<re>

(1.3)

D (1e, 1) =
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1.3. Time-dependent variability: Aging

For instance, Figure 1.12 (a) shows the occupancy probability (Ppec)
together with an example of a 2-dimension representation of a particular
defect distribution D(7e,7.) in the (7., 7.) space analytically calculated with
equation 1.3 for an nMOS transistor.

')
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Figure 1.12: (a) shows an example of the occupancy probability as a function
of 7. and 7. at DC stress [98], and (b) shows an example of the defect
distribution D(7.,7.) graph at Vgg = 1.2V, Vps = 0V at 25°C.

Using the proposed distribution of defects D(7.,7.) and the occupancy
probability P,.., the AV}, induced variability can be determined for a parti-
cular transistor size and a particular stress time (¢5) and recovery time (¢,).
All defect transitions captured inside the product of D(7e,7.) and Py, will
contribute to the AV}, for the experimental ¢, and ¢,.. For instance, Figure
1.13 (a) shows an example of BTI measured recovery traces and the resulting
PDO simulated traces in AV;;, in Figure 1.13 (b) on a pMOS transistor with
a single stress/recovery aging cycle.

An important consideration regarding the D(7¢, 7.) shown in Figure 1.12
(b) must be extracted. The (7, 7.) space expands several orders of magnitude
in time that cannot be fully covered experimentally. Conventional experimen-
tal windows used to characterize aging phenomena cover up to logio(7.) from
0 to 4 and logy(7.) from -3 to 2, thus, the experimental achieved portion of
the D(7e,7.) is small. To overcome this limitation, large number of devices
should be measured to achieve sufficient statistical data to reproduce the
complete defect distribution. In this sense, the next section will describe the
typical characterization procedures for aging testing introducing the new En-
hanced Stress-Measurement methodology developed in this thesis for accurate
BTI/HCI aging characterization.
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Figure 1.13: (a) Experimental recovery traces in pFETs with abrupt defect
discharge events. (b) Simulated recovery traces obtained using the PDO
model using the same conditions of stress and recovery than in (a) [98].

1.4 BTI/HCI aging advanced characterization

To obtain the electrical transistor parameter shifts under BTT/HCI aging
degradation, the Measurement-Stress-Measurement (MSM) technique has
become the most widely used methodology for device characterization. The
MSM technique consists in concatenating a device pre-stress measurement
period, followed by a stress period and, finally, a device post-stress measure-
ment period. To accelerate aging process, an over-than-nominal Vg and/or
Vps voltages should be applied, e.g., 2x or 3x the technology VDD. Moreover,
during the pre- and post-stress measurement periods, Ips—Vgs curve charac-
teristics are commonly used to account for the device degradation. Finally, the
MSM sequence is repeated sequentially, increasing the stress time to further
extrapolate the device degradation to the nominal operation conditions. For
instance, the stress time increase ratio can be defined exponentially (1s, 10s,
1,000s, 10,000s...) but this increase rate can be of any kind depending on the
research needs.

Nevertheless, for BTT tests, the conventional MSM technique suffers from
unwanted loss of measurement data, because a big portion of the accelerated
degradation during stress starts recovering, without being measured, towards
their non-stressed values immediately after the stress removal [100,101]. To
try to overcome this issue, several techniques have been proposed in the
literature for aging characterization: the ultra-fast MSM (UF-MSM) [102],
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1.4. BTI/HCI aging advanced characterization

the Ultra-Fast On-the-Fly (UF-OTF) [103,104], and the One Spot Drop Down
(OSDD) methods [23].

The main issues related to the conventional MSM and UF-MSM characte-
rization techniques is that they are prone to suffer from initial recovery data
loss because of the time required to compute an Ips—Vgg curve after the
stress. Moreover, the use of Ipg—Vgg curves sweeps can mask the step-like
behaviour of the recovery trend (see Figure 1.7).

In the UF-OTF case, the Iprrn degradation is measured utilizing a small
gate pulse around the Vg_grrpgg value to account for the transconductance
(gm) change that results in AVy, = Alprin/gm- The main disadvantage of
this technique is that it assumes that the total degradation in the Iprrn
is caused only by V;;, degradation without incorporating the degradation of
the p which, in fact, suffers from degradation, what can impact the accuracy
of the method [105]. Finally, the OSDD methodology where the Ipg — ¢ is
characterized at the nominal biasing conditions after stress has become one of
the best candidates to characterize the step-like behaviour of the measurement
periods in aging tests. Nevertheless, the OSDD technique is prone to suffer
from unwanted recovery data loss because of the time gap required to change
from stress to measurement biasing conditions when measuring at wafer level.
In this regard, the present section will describe in detail an experimental
aging characterization methodology entirely developed in this thesis based on
the classical MSM and OSDD methodologies enhanced to minimize recovery
data loss and increasing accuracy of the measurement periods after stress.

1.4.1 The Enhanced Stress-Measurement aging charac-
terization methodology

The Enhanced SM method (eSM), based in the MSM and an the OSDD
test techniques, utilizes a unique Ips—Vgg initial measurement period to
account for the non-degraded device parameters followed by multiple stress-
measurement (SM) cycles executed sequentially in order to account for the
accelerated device parameters shifts. Two critical requirements should be
considered during the execution of the eSM during aging characterization:

1. Accurate device terminal biasing: in order to guarantee a precise voltage

biasing avoiding voltage drops due to cables, connectors or metal lines
present in array-based IC designs, it is of much importance to use a

21



Chapter 1. Variability and reliability phenomena in nanometer MOSFETs

Force-&-Sense voltage biasing system. The functionality principles of
the Force-&-Sense system will be explained in Section 1.5.3.

2. The time gap between switching from stress to measurement periods
should be as short as possible to not loss critical device measurement
data at the very beginning of the measurement period. Moreover, it is
important that the timing and duration of all stress and measurement
phases should be the same for each device and precisely controlled.
Otherwise, the data post-processing would get unnecessarily complex
and less information would be collected.

Figure 1.14 shows an illustrative example of the eSM methodology execut-
ing an accelerated BTI aging test scheme. In the example, four SM cycles are
executed sequentially with red and blue colour lines respectively. The initial
Ips — Vg curve characteristic utilized to account for the non-degraded device
parameters is not shown in Figure 1.14. The eSM technique is conducted, for
a single device, with the following the SM repeatable sequence:

1. Stress: device is aged or degraded by setting Vs and/or Vpg larger-
than-nominal operation voltages, e.g., 2x or 3x the nominal VDD, to
accelerate the aging processes testing time. To differentiate between
BTT or HCI aging characterization, if Vgg; Vpg > 0V, the accelerated
aging is HCI and, if Vpg = 0V and Vgg > 0V, it means that the test
is pure BTI. For the eSM presented method, the increase ratio of the
stress time has been defined exponential with an initial stress time of
1s (see Figure 1.14).

2. Measurement: in the measurement period, the Vg, Vps biasing condi-
tions are lowered to Vg = Vi, and typically Vpg < 100mV respectively
before changing the device from stress to measurement. The eSM tech-
nique starts capturing the Ipg — t evolution just before switching the
device from the stress to measurement at a high sampling rate. This
allows to accurately account for the time gap between the stress and the
measurement periods for each device. In addition, a Ipg — Vg curve is
executed after the I'pg —t measurement in every measurement period to
further obtain the transistor mobility shift (Au) as shown in Figure 1.14
as a blue and green rectangles. During the Ipg — ¢t measurement, defect
discharges of previously charged defects in the stress period can be
observed and, since they are related to |[AVy,| variations, the equivalent
AVt traces can be also obtained [60, 90].

Typically, when characterizing BTI or HCI aging phenomena, thousands
of devices should be tested to get significant statistical results. The eSM test
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Figure 1.14: Tlustrative example of the eSM technique.

patterns are applied equally to all devices involved in the aging test, ensuring
the same stress and measurement periods and minimum and equal time gaps
between stress and measurement periods. The total test time needed for a
serial aging test, i.e., one-DUT-at-a-time, can be calculated from the following
equations:

Tsgriar =N - (Tips—ves + Tsrress + M - Tueasvrement)  (1.4)

with:
M
TsTrESs = ZK‘]_l az (1.5)
i=1
TMEASUREMENT = tips—t + tIps—Vas (1.6)

where in equation 1.4 N is the number of DUTs and 17,4 v, is the time
to execute the initial Ipg — Vgg curve. The Tgrrpss time consists in the
total accumulated stress time (see equation 1.5) that depends on the number
of SM cycles (M) where the growth rate of the stress time periods is defined
by the parameter K, i.e., 10 in this thesis, and ¢4 is the first stress time
period of the initial SM cycle. Finally, the Ty rasvremenT (see equation
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Chapter 1. Variability and reliability phenomena in nanometer MOSFETs

1.6) corresponds to the total time required to compute the Ipg — ¢ curve and
the Ips — Vs during the measurement time.

For instance, let’s consider two examples, M5ts1 and M3ts100, to calculate
the total test time required for a single device with equation 1.4. The first
example (M5tsl), consists in a 5-cycle SM aging test with the following test
variables: TIDS—VGS = 105, M = 5, TJV[EASUREMENT = 1008, ts = 18, and
K = 10. The time required for the aging test of a single DUT would be
Tserrar =~ 3.23 hours. For the second example (M3ts100), which consists in
a 3-cycle SM aging test where two parameters are changed with respect to
the previous example: M = 3 and t; = 100s, i.e., the first two SM cycles of
example Mbtsl are skipped. Then, Tsgrrayr is only reduced to 3.17 hours.

In this scenario, when serially performing the same aging tests on many
devices, e.g., N = 100 the total test time would rise to approximately 13.4
and 13.2 days for the M5ts1 and the M3ts100 tests respectively, which clearly
demonstrates the need for a different alternative when characterizing aging
in many samples. To reduce unfeasible aging test times, a parallelization of
the stress phases of the eSM technique is used to dramatically speed up the
aging tests utilizing array-based IC solutions. In this regard, Section 1.5 will
describe a first approach of parallel stress testing methodology named the
Parallel-Stress Pipeline-Measurements method and presented in [106].

1.4.2 Defects characterization: The Weighted Time Lag
Method

Charge trapping/detrapping provides a highly valuable information of the
device physics about device degradation [107,108]. In this sense, several
methods have been proposed in the literature to analyse the defect involved
in aging-related and RTN phenomena [32,33,109]. However, if the back-
ground present in the measurements is relevant enough when compared with
the current/voltage steps, the precise defects detection and their parameter
extraction can become a tedious task.

The simplest way to analyse charge and discharge of insulator defects
consists in represent the data in a histogram to observe the distribution of each
point of, for instance, an RTN signal. However, this technique can only be
used when the signal fluctuations, resulting from RTN or BTI/HCI aging, are
well defined and the background noise is almost negligible. When the current
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1.4. BTI/HCI aging advanced characterization

fluctuations contain a large number of active defects and the background
noise is present at the Alpg or AV, level, more sophisticated methods have
to be utilized, like for instance the Time Lag Plot (TLP) [110,111].

To obtain a TLP, of for instance an RTN signal, the i-th data sample is
represented versus the (i+1)-th data sample as shown in Figure 1.15 (a). The
main plot diagonal shows populated data regions corresponding to different
Ips-t levels while transitions between different levels, as shown in the opposite
diagonal of Figure 1.15 (a) as less populated regions. The TLP methodology
can be used if the background noise level is low enough, so that the Ipg-t
levels and/or transitions can be clearly distinguished. However, as shown
in Figure 1.15 (b), if the background noise is relevant enough, it can mask
capture/emission transitions, resulting impossible to distinguish the different
Ips or AV, levels.
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Figure 1.15: Representation of a two level RTN signal TLP where (a) clear dis-
crete levels and transitions can be distinguished [111] and (b) the background
noise hides the current levels and transitions [112].

In order to overcome the limitations imposed by the TLP in the presence
of relevant background noise, the Weighted Time Lag Plot (WTLP) [112] deve-
loped to analyze the charge trapping/detrapping of device defects extends the
Time Lag Plot (TLP) procedure being easily implementable and robust when
the background noise is large. The WTLP represents the probability that a
(AVy—s, AVip,—(;41y) data sample in a measured signal, corresponds to one of
the Ipg or AV}, levels present in the trace. This probability is calculated by
equation 1.7, which corresponds to a normal bivariate distribution function
[112] for each measured data sample. Finally, the weighted time lag function
defined in equation 1.8, reveals the contribution of all samples in the measured
trace, weighted by its distance to the analysed i-th data sample.

25



Chapter 1. Variability and reliability phenomena in nanometer MOSFETs

i (x,y) = 273&2 - exp _ [(Ii ) }212[@“ v } (1.7)
N-1
D, (z,y) =K z_: bi (1.8)

Figure 1.16 (a) and (b) shows the benefits of using the WTLP in an RTN
multilevel signal with eight different levels. In this example, if the TLP is
used to obtain the Ipg levels present, the background makes impossible to
locate them as shown in the TLP of Figure 1.16 (a). Nevertheless, as shown
in Figure 1.16 (b), where the WTLP have been utilized by means of the ®
function to extract the Ipg levels, a higher resolution in the main diagonal of
the obtained WTLP have been achieved revealing populated regions across
the main diagonal of the WTLP. Each local maximum shown in Figure 1.16
(b), corresponds to an individual Ipg level present in the trace.

y, Current at i+1 (nA)

28 29 30 28 29 30
X, Current at i (nA) X, Current at i (nA)

Figure 1.16: Comparison between (a) a Time Lag Plot and (b) Weighted
Time Lag Plot obtained from the an experimental RTN signal [112].

In the next section, recently publish array-based IC solutions devised to
satisfy the required statistical characterization of transient (RTN) and aging
(BTI/HCIT) TDV effects reported in the recent literature will be described.
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1.5. From wafer-level to array-based IC MOSFET characterization

1.5 From wafer-level to array-based IC MOS-
FET characterization

Originally, variability phenomena characterization utilizing wafer-based sys-
tems have been widely used for transistor lifetime and technology reliability
prediction as shown in Figure 1.17 (a). This type of device characterization,
which implies physical contact on usually one or a few DUTs at a time, results
in long serial aging test times that can last months or even years of continuous
testing when many devices must be characterized. Moreover, the use of wafer
solutions for direct device contact implies that a large area is required to
include the necessary pads to access each DUT terminal in the wafer [113].

In order to overcome limitations imposed by on-wafer device testing,
integrated circuit chips with thousands of transistors in an array-based con-
figuration have been proposed in recent literature for variability phenomena
testing. Figure 1.17 (b) shows an example of the ENDURANCE IC chip
designed and fabricated in the core of this thesis to execute statistical device
variability characterization. Array-based ICs present two main advantages
for the statistical characterization of TDV and TZV: first, a larger number of
DUTs can be characterized for a given silicon area and second, precise digital
IC control algorithms allow the possibility of utilizing proper parallel charac-
terization techniques that can be used to significantly speed up the statistical
characterization of aging degradation phenomena. Moreover, the total area
used will be largely reduced, as compared to the wafer-level approach because
individual transistor access pads are eliminated from the IC design.

Figure 1.17: Examples of transistor variability testing using a probe station
for wafer measurements (a) and utilizing array-based IC chip (b) [114].
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In the following subsections, the characterization procedure for proper
parallel device testing will be discussed and a full-custom IC measurement
framework together with the must-have requirements will be listed to set
the basis of transistor characterization when dealing with array-based IC
solutions. Moreover, Section 1.5.4 will describe and compare the most relevant
and recent IC design structures for variability characterization.

1.5.1 Hardware and software design requirements for
array-based IC variability characterization

Despite the advantages of using array-based ICs for device variability char-
acterization, its design is not a simple task when characterizing MOSFET
devices under the same conditions as with on-wafer testing frameworks. A set
of critical requirements, in terms of IC and measurement system capabilities,
should be fulfilled to carry out accurate and trustworthy individual transistor
characterization, as listed below:

e Variety of reliability phenomena to be characterized: the IC hardware
design should allow the individual characterization of TZV including
Ips — Vgs and Ips — Vpg, RTN transient effects, and BTI/HCI aging
phenomena all in the same chip.

o Variety of DUTs: the array should include both nMOS and pMOS type
transistors, with different geometries to study variability effects in terms
of device type and geometry.

¢ Individual on-chip device access: the array should allow the individ-
ual selection of each DUT to separately set its biasing, e.g., to set a
DUT on stress or measurement with individual device terminals biasing
conditions from the neighbouring devices.

e Accurate device biasing: Force-&-Sense on-chip techniques should be
available to precisely apply the required voltages at the DUT terminals
to mitigate possible voltage drops. Furthermore, the design should allow
high DC current flow during transistor tests, especially for HCI tests.

¢ Reduction of total characterization time: the array should include the
necessary auxiliary circuitry to allow accurately-timed parallel stress
testing methods.
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e Robustness of selection circuitry: all auxiliary circuitry should be de-
signed to avoid its degradation during the application of DUT stress.

e Accurate current measurement: the array should provide ways to either
calibrate or cancel any leakage current that may distort DUT current
measurements.

Measurement challenges that an experimental setup should cover to per-
form full variability phenomena characterization utilizing array-based IC
solutions, lead to a set of instrumentation requirements that the measurement
system should cover:

o Accurate electrical characterization (which results in the need for can-
celling IC leakage currents, applying accurate voltages to the device
terminals, minimizing the noise in the measurement lines and ensuring
stable biasing) is required to correctly study the dependence of TDV
with the bias conditions.

o Accurate thermal characterization over a broad range of temperatures
is essential, since the TDV phenomena strongly depend on temperature.

o Characterization times must be affordable.

¢ Due to the large number of devices and the long characterization times,
the control of the test process and data analysis must be fully automated.

1.5.2 Parallel-Stress Pipeline-Measurement method

During the execution of BTI/HCI aging tests utilizing array-based IC chips,
parallel testing techniques should be used to drastically reduce the typical
prohibitive aging serial testing times. A major constraint for a parallel
technique is that, at any given moment, only one DUT should be under
measurement so that the collected data only account for the degradation of
that specific DUT. By non-violating this rule, DUTs are measured individually
while parallelizing stress phases wherever possible. The second aspect concerns
the current level when simultaneously stressing a large number of DUTs. This
current, typically rising up to mA and is normally directed to a common node
(VDD or VSS), and the metal lines carrying it as well as the auxiliary device
in the path, e.g., a Transmission Gate (T'G), must be sized so that adverse
effects like electromigration are avoided.
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An interesting parallel technique reported recently in literature is the
Parallel-Stress Pipelined-Measurements (PSPM) method [106,115,116]. The
principle of the PSPM method is to delay the MSM sequence of DUTs
with respect to the previous one, resulting in a ”place-and-check” algorithm
that partially executes simultaneous (parallel) stress phases and pipeline
measurement phases. The main drawback of the PSPM technique is that
depending on the duration of the first stress period, the number of DUTs that
can be parallelized is limited. Thus, the PSPM technique parallelize a finite
number of DUT and repeats the algorithm in series until the non-parallelizable
DUTs are tested. Therefore, the PSPM technique becomes inadequate for
certain values of the initial stress time and number of SM cycles.

As illustrated in Figure 1.18 (a), the PSPM technique becomes suitable
when the stress times, are sufficiently long to measure all involved DUTs
before the end of the first stress time. When the initial stress time is short,
measurement interferences can occur as shown in Figure 1.18 (b) with red
arrows. In the parallel example of Figure 1.18 (b), no more than four DUTs
can be tested in parallel and the remaining DUT MSM sequences must be
delayed completely increasing the total PSPM time.

— measurement of 1st DUT

DUT / /~measurement of 2nd DUT (a) DUT (b)
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Measure stress Stress all Measure stress
-
Time Time

Figure 1.18: Illustrative example of the PSPM technique, where "SA” and
"MS?” stand for stress-all and measure-stress respectively. In (a) the DUTS are
measured serially while the rest are stress executed in parallel [117]. In (b)
measurement interferences are shown with red arrows reflecting issues related
with the PSPM technique when dealing with short initial stress times.

By using the PSPM parallel technique, the maximum number of DUTs
(Nasax) that can be parallelized without incurring in a measurement overlap
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1.5. From wafer-level to array-based IC MOSFET characterization

is given by equation 1.9 for number of DUTs (N). Moreover, the total test
time for the PSPM technique (Tpspas) for a number of DUTs below the
upper limit imposed by Njsax, can be calculated by equation 1.10 (the initial
Ips—Vas characterization time of the fresh sample has been neglected for the
total time calculation because it does not significantly influence in the total
PSPM time calculation).

Nyvax = {MJ +1 (1.9)

tmeasure

where, tg stands for the initial stress time value, K is the base for the
stress time increase, for instance 10 if exponential stress times are utilized,
and tyeqsure consists in the fixed measure time period after each stress time.

M

TPSPM = (M . tmeasm“e) + ZK]‘71 : ts + ((N - 1) 'tmeasure) (110)
j=1

where N corresponds to the number of devices to be tested, M is the
total number of SM cycles, the first bracket accounts for the total time in
measurement and the second bracket for the total time in stress (both for one
device) and the last bracket computes the final measurement time required
when more than one device can be parallelized.

In the works [115] and [116], the described PSPM method is implemented
including the necessary delay of the stress/measurement phases in order to
avoid any overlap between different devices measurement periods during the
aging test. Again, this non-linear delay depends very much on the values of
the tuple (tmeasures ts, K) as well as on the number of M cycles. The problem
with this approach is that, even though some benefit can be gained when
compared with the solution in [106], the most typical outcome is that the
DUT aging sequence has to be delayed repeating the PSPM tests in series
until all DUTs are tested depending on the Njs4x boundary condition.

For the previous aging testing examples M5tsl and M3ts100 reported in
Section 1.4.1, equation 1.10 will be used to obtain the parallel test times
if the PSPM technique is used instead of serial DUT testing for the two
test examples. For the Mbtsl example, the maximum number of devices,
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Chapter 1. Variability and reliability phenomena in nanometer MOSFETs

calculated with equation 1.9 can be parallelized is Ny;ax = 1, i.e., parallel
stress is not possible because the initial stress time of t; = 1s is blocking any
possible parallelization. However, for the M3ts100 example test Nyjax = 11
DUTs that can be tested in parallel. Therefore, the PSPM technique becomes
inadequate for certain values of the tuple (fmeasure; ts, K).

For the example M5tsl above for 100 DUTs, the "place-and-check” algo-
rithm is unable to reduce the test time with respect to the serial method since
no device can be tested in parallel resulting in 13,43 days of testing. However,
for the example M3ts100 the total test time is reduced to ~ 2.48 days since
the larger stress time of the second SM cycle (ts - K) allows allocation of the
measurement of up to 10 other devices during that period of stress.

To overcome issues related to the presented PSPM parallel method,
a novel parallelization technique named All DUT Parallel-Stress Pipeline-
Measurements, developed in the core of this thesis, will be described in the
following chapter. This novel characterization technique has been utilized to
significantly reduce the total required testing time for any given (¢;easure; ts,
K) tuple.

1.5.3 Force-&-Sense voltage biasing

Everything used during the device characterization process to connect the
instrumentation to the DUT has some innate resistance and capacitance
parasitics that should be considered.

To significantly mitigate the effects of cables, connectors and on-chip
paths series resistance causing non-desired voltage drops, 4-wire measurement
techniques also called Force-&-Sense biasing system can be utilized.

Figure 1.19 shows a Kelvin connection scheme that requires two separate
lines for each terminal on the device that should be measured. One pair of
lines is used to force current or voltage to the DUT, and the other pair of lines
is used to sense the voltage measurement. The key point of this measurement
is that the sense lines measuring the voltage ideally are not conducting any
current, there is no voltage drop due to cable resistance and the force voltage is
raised until the sensed voltage equals the defined voltage [118], [23]. Therefore,
the cable resistance effects are significantly mitigated.
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Force Line 2 Rcable Rcable Force Line 1

Sense
cable Rcable

Sense Line 2 R Sense Line 1

Figure 1.19: A Kelvin (or 4-wire) voltage measurement eliminates the effects
of cable resistance by separating out the lines carrying the force current from
the lines sensing the voltage [118].

The most common resource for CMOS device measurement is the source/-
monitor units (SMU). The SMU can force voltage or current and simultane-
ously measure voltage and/or current. A noise-free and accurate transistor
characterization requires a 4-wire Kelvin measurement thus, SMUs are de-
signed with both force and sense outputs where the force and sense lines are
separated to contact the sample for testing, eliminating the effect of cable
resistance that induces a voltage drop between the external pad to the device
terminal or IR-drop when testing transistors. For instance, Figure 1.20 shows
a simplified SMU configuration for a trustworthy device test [118]. In the
sense of executing array-based device characterization, Force-&-Sense paths
should be included in the IC design to ensure accurate biasing of on-chip
devices.
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Figure 1.20: Simplified Kelvin SMU output circuit [118].

1.5.4 Previous works in array-based characterization

Regarding the advantages of using array-based IC designs presented in Section
1.5, a few array-based integrated circuits have been reported for the characteri-
zation of TZV, BTI, RTN, and/or HCI reliability effects in recent literature. In
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Chapter 1. Variability and reliability phenomena in nanometer MOSFETs

this regard, the present section will discuss the advantages and disadvantages
of the reported IC works for variability characterization [106,115-117,119-128].
Moreover, Table 1.1 summarizes the set of requirements for each one of the
published variability ICs, and shows which of them fulfils the must-have IC
design requirements list discussed in Section 1.5.1.

A recent work, which was first used for TZV characterization [119], and
later extended to TDV [120,121], describes a very compact array thanks to
a simple unit cell design. Figure 1.21 (a) shows the schematic design of the
IC chip that allows a high device density (32,000 transistors per chip). The
array is also able to perform leakage current suppression. Simplicity and
compactness are, however, obtained by sharing the drain terminals of all DUTs
in each row and the gate terminals in each column without using intermediate
transmission gates (TGs) as shown in Figure 1.21 (b). Therefore, the drain
Force-&-Sense paths access the array through a line which is shared by all
drain terminals of all transistors in a row. Due to the parasitic resistance of
this line, the sensed voltage will be different than the Force voltage applied
to each device, introducing voltage drop differences that can affect parameter
extraction. On the other hand, without the individual gate and drain TGs,
devices in the same column suffer from unwanted stress or, if parallel stress is
performed, they are measured at different moments in their recovery phase
because only a single device can be measured at the same time to account
for individual degradation. Therefore, data need to go through a complex
post-processing stage.
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Figure 1.21: Transistor array block distribution where (a) shows the top-level
block diagram of a 32k transistor IC and (b) the array of transistors with
common gate, drain and source connections without intermediate TGs [119].
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1.5. From wafer-level to array-based IC MOSFET characterization

When TGs are included to independently access the terminals of each
DUT, the number of devices available in the IC array is necessarily reduced
due to the area needed to implement the access circuitry, as in [117,125-128].
The use of TGs to control the biasing of each device also enables accurate
timing control during the characterization of aging phenomena. Other arrays
also include a large number of DUTs by using simple unit cells designed
without TG circuitry [122-124]. The array presented in [122] shows a 65-
nm test structure including one million modified SRAM cells, which enable
individual measurement of pMOS and nMOS transistors for TZV and NBTI
characterization. No Force-&-Sense strategy is implemented, and the gate
terminal is shared by all cells in a row, meaning that after stress, devices are
serially measured. This is not a major problem in this paper since only the
permanent BTI degradation is characterized.

In [124], all DUTs in a row share the gate terminal. Therefore, different
portions of the recovery phase will be measured for each DUT, as in [120]
and [121]. Furthermore, Force-&-Sense connections are not implemented as
in [119], meaning that voltage drops will exist and the precise DUT terminals
biasing is somehow unknown. It includes a leakage reduction structure and,
unlike the previously reviewed approaches, it considers different DUT sizes.

The chip presented in [123] contains 96x18 cells, each including 48 DUTs
and an A/D converter that serially digitizes the current of each DUT. Due to
the selected architecture, no Force-&-Sense scheme is necessary, although a
calibration is performed for leakage compensation. However, no stress voltages
can be applied, and, hence, only TZV and RTN can be measured.

While the array chips proposed in [125] and [128] incorporate on-chip
Force-&-Sense paths, those presented in [126] and [117] perform voltage
measurement (when a constant current is applied), implying no need for a
Force-&-Sense connection, although leakage suppression techniques are used.
All four array structures are designed to perform parallel BTI tests, leaving
other degradation mechanisms, like HCI, uncharacterised. Similar problems
to those described above in [124] are shown in [117], where after a parallel
stress, measurements start at different times for different DUTs.

Arrays including TGs usually incorporate two types of transistors in their
design: core transistors for characterization and digital circuitry, and I/0O
transistors for TGs, avoiding the degradation of TG transistors during stress
periods. Their operating voltages, when available, have been included in
Table 1.1 for a better comparison in the (I/O VDD) row.
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1.6. Contributions of this thesis

While several device arrays have been reported in the literature to charac-
terize BTI phenomena, characterization of HCI phenomena is reported only
in [127]. In that work, however, the characterization of aging effects using
a parallel technique suffers from unwanted neighbouring device stress and
unmeasured recovery time gaps between devices. This IC circuit topology
includes TGs only on the gate terminals (10 gate terminals share a TG) while
all drain terminals of one row (with 256 DUTSs) are connected. Therefore,
voltage drops will appear and this will translate into differences in the drain
voltage applied to each DUT. This connection scheme implies that when
one DUT is being stressed, other DUTs are also being biased and, therefore,
degraded, making the data analysis much more complex.

Finally, only [122], [123], and [126] present the characterization of variabil-
ity phenomena under temperature-controlled conditions. As can be seen in
Table 1.1, the unique published array-based IC chip that fulfils all design re-
quirements for a trustworthy variability characterization is the ENDURANCE
IC chip [114] being one of the main contributions of this thesis. Design and
functionality of our versatile ENDURANCE IC chip will be presented and
discussed in detail in Chapter 2 which is capable of accurately and statistically
characterizing TZV, BTI, HCI, and RTN in a single array-based IC design.

1.6 Contributions of this thesis

The main goal of this thesis is to increase knowledge and comprehension of
the time-zero and time-dependent variability phenomena at the device level in
nanometer CMOS commercial technologies. Since unreliability of nanometer
MOSFET transistors can affect the intended lifetime and functionality of
fabricated VLSI analog and digital ICs, it is essential to perform trustworthy
device characterization and provide accurate parameters extraction of the
most relevant stochastic sources of variability from a statistical point of view.

In order to obtain statistical data for the evaluation of the damage suffered
by individual CMOS transistor under aging mechanisms like BTT and HCI,
conventional on-wafer measurements result in unfeasible extremely large labo-
ratory testing times that can grow up to years. To overcome this limitation, in
this thesis a novel and versatile array-based IC design, named ENDURANCE
chip, recently published in [114,129], will be described. The versatility of
the ENDURANCE IC hardware design permits the execution of time-zero
and time-dependent variability tests including trustworthy HCI characteri-
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Chapter 1. Variability and reliability phenomena in nanometer MOSFETs

zation. Moreover, the IC integrates eight different transistor geometries and
an individual control of the on-chip DUTs for the accurate implementation
of parallel stress techniques intended to significantly reduce extremely large
aging testing times.

The second major contribution of this thesis consists in the design of a
flexible full-custom hardware and software measurements framework that will
be utilized to characterize the fabricated ENDURANCE IC chip samples
published in [130,131]. One of the mayor contributions of the measurements
system is the creation of a novel parallelization algorithm, designed to signifi-
cantly reduce the required aging test times by executing in parallel the stress
times of a large set of devices while executing individual device measurements
to assess the damage suffered by each tested device.

A third contribution of this thesis consists in the obtention of an accurate
lifetime prediction based on extensive set of variability measurements over
thousands of devices including TZV, BTT and HCI phenomena. This lifetime
prediction, based on the analysis of the device’s electrical parameters, will give
new insights in the comprehension of the different aging variability phenomena
at different temperatures. Moreover, this thesis presents different novel proce-
dures to obtain: MOSFET model card parameters, an accurate methodology
to accurately capture BTI recovery signals by eliminating RTN and noise
contributions, and a novel simulation firework based on CUDA programming
for simulating large circuits under aging phenomena in a significant reduced
time.

With the understanding of the variability mechanisms of nanometer CMOS
technologies, the designed and fabricated ENDURANCE IC chip together
with the creation of a full-custom measurements system, this thesis aims to
go deeper into the understanding of the most relevant CMOS degradation
mechanics affecting devices and circuits designed and fabricated in ultrascaled
CMOS technology nodes.
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CHAPTER 2

The ENDURANCE array-based
Integrated Circuit chip

Due to the stochastic nature of time-zero and time-dependent variability
sources, statistical and accurate device characterization must be performed,
in the shortest time possible, to account for the effects on device and circuit
reliability.

To overcome issues related to conventional on-wafer characterization, as
described in Section 1.5 in Chapter 1, several array-based IC structures
with thousands of transistors have been presented in the recent literature
[114,117,119-128], to characterize TZV and TDV and, in some cases, introduce
parallel stress techniques to reduce the overall testing time. Nevertheless,
none of the reported works offers an accurate device characterization of TZV,
RTN, BTI and HCI TDV in a single IC design and not all of them support
parallel stress schemes.

To overcome characterization weaknesses of previous variability testing
ICs, this chapter will describe the design of a novel and versatile array-based
IC chip, named ENDURANCE, intended for the statistical and accurate
characterization of TZV and TDV including HCI phenomenon in individual
CMOS transistors. The IC circuit design fulfils all IC chip requirements listed
in Section 1.5.1 of Chapter 1. Moreover, its versatile design also permits the
implementation of advanced parallel stress algorithms to significantly reduce
the time required when characterizing aging phenomena. Parts of the this
chapter have already been published in [114,129,131].
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Chapter 2. The ENDURANCE array-based Integrated Circuit chip

2.1 ENDURANCE IC design considerations

The ENDURANCE IC, shown in Figure 2.1, consists in a full-custom array-
based IC fabricated in a commercial 1.2V 65-nm CMOS technology. The 1C
integrates all required hardware capabilities for an accurate characterization of
the most relevant variability effects like TZV, BTI, HCI and RTN phenomena
in a single IC chip.

Figure 2.1: The ENDURANCE IC chip encapsulated in a JLCC68 package.

The design of the ENDURANCE IC chip has been focused on accomplish
three key design considerations to overcome testing limitations of previous IC
designs, as well as traditional on-wafer testing limitations as listed below:

1. During TDV phenomena accelerated aging tests, the digital access cir-
cuitry that surrounds the Device Under Test (DUT) can be degraded
by the biasing stress conditions generating irreversible damage and de-
stroying the circuit. In order to prevent digital circuitry from unwanted
damage in the ENDURANCE chip, each DUT has been designed with
an individual digital control circuitry implemented with CORE transis-
tors! accompanied with a block of transmission gates fabricated with
I/O transistors® utilized to bias the DUT terminals while isolating the
digital CORE circuitry from external stress voltages.

2. A major concern related to device variability testing utilizing an array-
based IC, is the unknown voltage drop that appears between the external
chip interface and the transistor DUT terminals. This voltage drop
is caused by the internal resistance of the chip metal lines and the

IThin-oxide CMOS transistors operating at 1.2V normally used for digital design.
2Thick-oxide CMOS I/O transistors operating up to 3.3V utilized to bias CORE tran-
sistors with voltages upto 3.3V
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2.1. ENDURANCE IC design considerations

on-resistance of the DUT itself when biased for testing. With the
purpose of mitigating voltage drops during DUT characterization, the
ENDURANCE IC design has been equipped with internal Force-&-Sense
paths to directly sense the voltage at the DUT terminals and adjust the
external forced voltage to mitigate possible voltage drops.

3. A dedicated circuit design for variability phenomena testing has been
implemented in the ENDURANCE IC which endows enough versatility
to carry out parallel stress testing algorithms that significantly reduce
aging testing times. To allow this capability, individual DUT Gate and
Drain biasing chip paths have been included in the IC design with the
aim of separating stress, measure and standby voltages in the chip.

A detailed description of the ENDURANCE IC architecture will be de-
scribed in detail in the following sections of these chapter.

2.1.1 The IC architecture

The circuitry of the ENDURANCE chip is divided in a set of fundamental
building blocks, to facilitate the understanding of the overall IC circuit design.
As shown in Figure 2.2, all DUTs of the IC are distributed over two main
matrices one for nMOS transistors and another to allocate pMOS transistors
named "NMOS DUT MATRIX” and "PMOS DUT MATRIX”, respectively.
As depicted in Figure 2.2, each DUT matrix has been divided into two sub-
matrices, named "Left/Right DUT block”, with 56 rows and 14 columns each
that allocates 784 DUTs.

The chip allows individual access to the DUTs by means of two row and
column twin decoders. To control the selection decoders, individual serial bit
input interfaces have been designed consisting of a two-layer D-type flip-flops
to store and transmit the row and column DUT addresses to the decoders.

As listed in Table 1.1 in chapter 1, the ENDURANCE chip harbours a
total of 3,136 (4x784) 1.2V regular-threshold-voltage MOSFET transistors of
eight different geometries including the same number of nMOS and pMOS
transistors types. In this regard, Table 2.1, lists the number of DUTs for
each geometry. Inside each DUT matrix, devices are distributed as follows:
The left DUT blocks contains only DUTs of minimum dimensions, i.e., width
W=80nm and length L=60nm, while the right DUT blocks harbours all the
geometries.
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Figure 2.2: ENDURANCE IC fundamental building blocks.

Table 2.1: Total number of unit cells and macrocells in the chip listed as a
function of device geometries. Valid for nMOS and pMOS matrices.

Geometry [ W/L (nm) | Aspect Ratio | Unit cells | Macrocells

1 80/60 1.33 1376 344
2 200/60 3.33 16 4
3 600/60 10 16 4
4 800/60 13.33 16 4
5 1000/60 16.66 36 9
6 1000/100 10 36 9
7 1000/500 2 36 9
8 1000,/1000 1 36 9

Each DUT of the ENDURANCE IC has been fabricated inside a basic and
repeatable structure named ”unit cell”. The unit cells are designed with two
separated blocks: the "CONTROL core block”, where the necessary circuitry
is embedded for DUT biasing control and the "DUT block”, where a DUT of a
particular geometry is set for electrical testing. Moreover, the inset of Figure
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2.1. ENDURANCE IC design considerations

2.2, shows a set of four unit cells which have been vertically and horizontally
mirrored and grouped together composing a "macrocell”.

The circuit design of the unit cell endows high versatility to the EN-
DURANCE chip because it permits the accomplishment of two of the main
design considerations that an array-based IC should cover: first, to isolate the
digital control circuitry from the external biasing and, second, to control the
biasing conditions of each DUT to execute variability tests for parallel testing
purposes. The Layout design of the unit cell will be described in Section 2.1.2
of this chapter.

By means of the control core block, the unit cell can be programmed
between four different biasing conditions or “operation modes”: measurement,
stress, standby or off modes as described below:

1. Measurement mode: DUT measurement under nominal voltage condi-
tions, from OV to 1.2V.

2. Stress mode: BTI and HCI characterization with high biasing voltage,
from 1.2V to 3.3V.

3. Standby mode: DUT zero bias: Vpg = Vgg = 0V.

4. Off mode: DUT Drain and Gate terminals disconnection.

The four operation modes described above permit the connection of on-chip
devices to different biasing paths inside the ENDURANCE chip. A precise
combination and an accurate timing of the described operation modes of the
unit cell, permits the execution of user-defined serial and/or parallel stress
aging tests as will be detailed in Section 2.2 of this chapter. Furthermore, in
order to avoid any electrical damage to the DUTs, during the power-on of the
ENDURANCE chip, all DUTs are set to the standby mode by means of a
general RESET signal.

To accurately bias Drain and Gate DUT terminals, the unit cells can
be programmed to connect those terminals in parallel to one of the three
available on-chip biasing signal paths: the measurement, the stress and the
standby paths. This parallel connection is done by means of the unit cell
transmission gates, five utilized for Drain bias and three for Gate bias. Figure
2.3, shows the schematic diagram of the DUT terminals together with the
TG connections at each terminal. Force-&-Sense paths have been designed
to access the drain terminal, allowing accurate control of the DUT biasing
voltages by minimizing the impact of the IC voltage drop from the IC pads to
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the DUT drain. Bulk and Source terminals are short circuited and connected
to VDDA for pMOS transistors or VSSA for nMOS ones. For instance, when
a DUT is being measured, the drain/gate DUT terminals are connected to
the drain MEASURE (F & S) and gate MEASURE (F) path respectively
through the corresponding TGs, as shown in Figure 2.3.

Drain STRESS (F & S)

Drain MEASURE (F & S)

l Drain STANDBY (F)

WYAMVY

TRANSMISSION TG TG
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i i r I i
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BULK-SOURCE CONNECTION

Figure 2.3: Unit cell individual Drain and Gate connections.

Figure 2.4 shows a summarized schematic of the DUT distribution and
connections of an IC DUT matrix including all the blocks described in the
present section. As previously described, inside the IC, unit cells are dis-
tributed across the DUT matrices following an array-based scheme. Unit cells
can be individually selected by means of the particular DUT matrix row and
column decoders as a part of the selection circuitry. Both row and column
input serial bit interfaces are accessed through external digital I/O pads of
the ENDURANCE chip.

Different operation modes can be programmed to stablish a parallel connec-
tion between the Drain and Gate DUT terminals, by means of the CONTROL
core ("CC” in Figure 2.4) and the transmission gates, and the stress, mea-
surement and standby paths of the IC, as shown in Figure 2.4 with red, green
and blue biasing paths. Hereafter, the unit cell circuit and layout design will
be described in detail.
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Figure 2.4: Schematic illustration of the unit cell distribution (28 columns
and 56 rows) inside an nMOS or pMOS DUT matrix of the ENDURANCE
IC chip.

2.1.2 The core: unit cell circuit and layout design

One of the main novelties of the ENDURANCE IC chip is the unit cell
circuit design for TZV and TDV measurements. Figure 2.5 shows a schematic
representation of the unit cell CONTROL core and DUT blocks together with
the external digital control and the DUT biasing signals.

On one hand, the DUT block circuit contains a single nMOS or pMOS
transistor and includes independent Drain and Gate connection paths for
DUT biasing. On the other hand, the CONTROL core block, from left to
right in Figure 2.5, harbours the digital operation mode circuitry, designed to
program operation modes to the flip-flop based memories, a level shifter block,
utilized to shift the TG control signals from the CORE voltage to the 1/O
voltage, and the transmission gates (TG) block that connects or disconnects
the DUT Drain and Gate terminals from the external biasing.
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Figure 2.5: Unit cell circuit design composed by the CONTROL core block
with digital circuitry, level-shifters and transmission gates, and the DUT
block.

The circuit design of the CONTROL core block uses CORE and I/O tran-
sistors. The digital circuitry is implemented using only minimum dimension
CORE transistors, biased with VDD/VSS (1.2V/0V), while the level-shifter
and the TG blocks are only designed with I/O transistors, biased with VD-
DA/VSSA (2.5V-3.3V/0V), as shown in Figure 2.5, where the voltage domains
are separated by a dashed vertical line. The following is a description of the
three CONTROL core circuit blocks. Unit cell signal names descriptions can
be found in Table 2.2:

The digital control circuitry: this circuit design is based on a set
of three single-bit memories, which are implemented with D-type flip-flops,
labelled as "FFD” in Figure 2.5. Each FFD block stores one operation mode
bit where the combination of the three bits XSB, XXM and XXS (see Table
2.2) permits to stablish one of the four allowed operation modes to the unit
cell. To stablish an operation mode, the FFDs are enabled by means of the
"ENABLE” unit cell signal. The ENABLE signals are the output of an AND
gate, where its inputs are the "ROW” and "COL” outputs coming from the
selection decoders. When the unit cell is enabled, the specific operation mode
bits are set to the external IC chip pads and an asynchronous clock pulse has
to be sent through the digital "LOAD?” line to store the bits into the FFDs.
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Table 2.2: Unit cell signals description.

Signal name ‘ Description

XSB Standby mode selection bit
XXS Stress mode selection bit
XXM Measurement mode selection bit
ROW Row decoder output

COL Column decoder output
LOAD Operation mode establishing asynchronous signal
DMF Drain measurement force chip path
DMS Drain measurement sense chip path
DSF Drain stress force chip path
DSS Drain stress sense chip path
VSB Standby voltage chip path
GSF Gate stress force chip path
GMF Gate measurement force chip path

Level shifter block: this block serves as a bridge between the CORE
and the I/O voltage domains of the unit cell. They perform the conversion
of each TG control signal from the VDD/VSS to the VDDA /VSSA voltage
domains. Moreover, the level shifters block isolate CORE transistors from
unwanted degradation during the application of over-than-nominal voltage
DUT biasing.

Transmission gate block: the TG block connects or disconnects the
analog IC chips paths for stress, measurement and standby with the DUT
Drain and Gate terminals. Drain biasing for Stress and Measurement modes
are designed with individual Force-&-Sense chip paths in order to mitigate
voltage drops due to internal IC metal lines. TG circuit design will be
explained later on in this chapter.

An important step during the IC design phase is the layout design. In
this sense, Figure 2.6 shows the compact layout design of the unit cell block.
The DUT is located at the bottom right corner where drain, gate and source
terminals are labelled in white with ”"D”, "G” and ”S”, respectively. The
CONTROL core block is located across the upper side of the layout (section
A in Figure 2.6).

Occupying the center part of the layout, the individual transmission gates

block, in charge of DUT drain/gate terminals connection for external biasing,
is located in section B. Finally, the level shifter block (section C) is located
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between Section A and the DUT. To isolate the DUT from any electromagnetic
interference from the digital section of the unit cell itself or from neighbour
digital lines, the DUT has been surrounded by a well ring (nwell for nMOS
and pwell for pMOS DUTS), as shown in Figure 2.7. Moreover, a square metal
cover has been inserted on top of the DUT utilizing a top metal connected
by vias to the well ring in order to achieve a better DUT isolation from any
possible interference as shown in Figure 2.6 with a purple square on top of
the DUT area.

Figure 2.6: Layout design of a unit cell block (31umx30um) consisting of a
dedicated CONTROL core circuitry (section A), the transmission gates block
(section B), the level shifter block (section C) and the DUT for electrical test
(DUT section).
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In order to ensure a precise characterization of the DUTs, two dummy poly
gates have been placed close to the DUT transistor of the unit cell as shown
in the Figure 2.7, with two red dashed boxes. This technique significantly
reduces possible fabrication deviations in the DUT geometry. Source and bulk
connections of the DUTs of all unit cells are shared and connected together
(VSS for nMOS matrices and VDDA for pMOS matrices) to a metal mesh
at the higher metal level to reduce the IR-drop intrinsic to the internal chip
metal lines [132,133].

Figure 2.7: Layout design of the DUT block inside the unit cell surrounded
by a well perimeter and two side-by-side dummy poly gates.

2.1.3 Unit cell transmission gates block

An improvement of the unit cell circuit design compared to other ICs is the
utilization of double TGs to bias DUTs for testing. Figure 2.8 shows an
illustration of the unit cell TG block where a set of 5 double T'Gs have been
used for drain stress (DSF/DSS) and measurement (DMF/DMS) purposes
with Force-&-Sense paths (see Table 2.2 for signal name description). For the
Gate DUT biasing, the measurement (GMF) and stress (GSF) TGs are only
provided with a Force path because the current flow is negligible at the gate
of a MOS transistor and no appreciable voltage drop will appear. Finally, the
standby biasing (VSB) is provided to both drain and gate by means of a force
TG at each terminal.

Two important benefits are extracted from utilizing double TGs in the

ENDURANCE chip unit cells: first, leakage currents coming from non-selected
unit cells are derived away from the measurement channel and, second, double
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TG’s provide superior performance during circuit operation that is not possible
to achieve by using a single transistor switch [134].
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Figure 2.8: Unit cell transmission gate block and DUT block.

In order to mitigate electromigration damage to the TGs due to large
current flow and also to reduce the TG layout area, three different designs
are used in the unit cell depending on the current flow of each biasing path:
the "extra large” TG (TG_XL) used for the DSF biasing path, the large TG
("TG_L”) utilized for the DMF biasing path and, finally, the ”small” TG
("TG_S”) used for the DSS, DMS, VSB, GSF and GMF biasing paths, where
the current flow is significantly low compared with stress or measurement
TGs.

As listed in Table 2.3, the difference between the three TG designs is the
device sizing of the complementary pair of transistors (nMOS and pMOS)
of each TG. To reduce the voltage drop from each chip pad to the DUT
terminals, all TGs have been designed taking into account the maximum
current that will flow through them, and minimizing their resistivity fixing
the length at 500nm in all TG designs. Special care has been taken in the
sizing of the stress TGs (TG_XL), since high currents are expected in stress
mode. Moreover, the width of the metal lines connecting digital and analog
paths between all the unit cells TGs have been sized to reduce their resistivity
and comply with electromigration design rules. The I/O transistors used in
the TG designs were N/P_250D33_LL type with a lower transconductance
than the core MOSFETs.

To avoid ultra-wide layout transistor design, an interdigital layout tech-
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nique has been used to save area in the TG layout designs [135]. Figure
2.9 shows the layout design of the TG_XL type where the utilization of the
interdigital technique has reduced the area of the pMOS transistor, from
35um - Tum = 245um? to only 10um - 10um = 100um?. Moreover, in the
TG_XL (see Figure 2.9) type, the pMOS transistor has been designed five
times wider than the nMOS one, with the purpose of compensating the low
mobility of the pMOS carriers compared to the nMOS transistors. For the
TG-S and TG_L types, the dimensions of both nMOS and pMOS transistors
have been kept identical.

Table 2.3: Double transmission gates fabricated dimensions.

pMOS nMOS Dimensions | Max.
Width ‘ Length | Width ‘ Length | X, Y (wm) | current

TG-S | 1.2 ym | 500nm | 1.2 gm | 500nm 74x45 500pA
TG.L | 3.5 pum | 500nm | 3.5 ym | 500nm | 11.17 x 6.7 | 1.5mA
TGXL | 35 um | 500nm | 7 wm | 500nm 17.2x 10 10mA

TG

pMOS nMOS

10pm

Y =

11.7pm 5.5um
X=172um

Figure 2.9: Layout design of the transmission gate type TG_XL.

2.1.4 Unit cell level shifter block

The main purpose of the unit cell circuit design consists in allow the execution
of TZV and the application of over-than-nominal biasing voltages to the DUT
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terminals to accelerate BTI and HCI aging phenomena utilizing the TGs
block. In this sense, the activation or deactivation of the TGs is provided by
the control circuitry that operates at 1.2V (VDD/VSS). Therefore, all TG
control signals have to be shifted from the CORE voltage to the I/O voltage
(VDDA /VSSA) by means of three level shifters, one for each operation mode
bit.

The three level shifter designs are based in the single supply level shifter
type because of the compactness of its layout. The design consists in a
set of three cross coupled level shifters improved with the utilization of the
Forced PMOS method design technique. This technique consists in breaking
down the existing PMOS transistor of the pullup network into two smaller
size transistors to significantly reduce the current leakage when the pull
up network is activated [136,137]. The Forced PMOS technique imposes a
trade-off between the reduction of current leakage and the delay of the shifted
signal when the pullup network is activated.

To evaluate the switching delay of the level shifters in the unit cell, a
Cadence transient simulation has been conducted for each type of TG design.
The input control signal (labelled as 'IN” in Figure 2.10 (a) has been raised
from logic ’0’ (VSS = 0V) to logic ’1’ (VDD = 1.2V) imposing rising/falling
edge time of 1ns. The shifted OUT and INV_OUT output signals have been
connected to each TG type to precisely evaluate the bit setting delay.

Figures 2.10 (b) and (c) show the results obtained from the level-shifter
simulations where it can be clearly seen that the larger setting time corresponds
to the TG_XL design, as expected. Table 2.4 lists the time delay of the OUT
and INV_OUT output signals at the 95% of the VDDA voltage and at the
5% of the VSSA voltage levels. The results show that the implementation of
the Forced PMOS technique increases the delay of the control signals when
rising from VSS to VDDA voltage domains but as those delays are kept below
10-ns, they can be treated as negligible.

Table 2.4: Level shifter switching transitions for the three TG types.

Transmission Gate type | OUT (ns) [ INV OUT (ns)
TG-S WNMOS = 1.2,um WPMOS = 1.2,um 1.40 0.54
TG_L WNMOS = 3.5um WPMOS = 3.5um 1.96 0.62
TG_XL WNMOS’ = 7um WPMOS = 35,um 3.67 1.69
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Figure 2.10: Level shifter transient simulation results utilizing an input digital
CORE signal with a rising/falling edge of 1ns in (a), the delays of the non-
inverting outputs in (b) and the delays associated to the inverting outputs in
(c) for the three TG types.

2.2 IC digital control: operation modes

Establishing a precise digital control of the ENDURANCE IC chip is key
fundamental to execute trustworthy variability tests. Two main digital func-
tionalities are required by the IC for DUT characterization: the unit cell
activation utilizing the row and column selection decoders together with the
serial bit input interfaces and the digital procedure for establishing different
operation modes to the unit cells.

The design of the ENDURANCE chip incorporates six digital pads, three
for the nMOS DUT matrix and three for the pMOS DUT matrix, to externally
define one of the four operation modes allowed in the chip for transistor
testing. Once a new operation mode is stored into the unit cell memories,
the DUT drain and gate terminals are biased for testing. In this scenario,
the CONTROL circuitry of each individual unit cell stores and maintains
the required operation modes during electrical tests. Thus, depending on the
operation mode established, each unit cell DUT will be connected to stress,
measurement or standby signal paths as shown in Figure 2.11 independently of
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Chapter 2. The ENDURANCE array-based Integrated Circuit chip

the operation mode established to the neighbour unit cells. The functionality
of the four IC operations modes are described hereinafter:

e Measurement mode: the main objective of this mode is to measure I-V
characteristics (Ips—Vas and Ips—Vps), execute RTN characterization
and execute measurement phases after BTT and HCI aging test using
the CORE transistor nominal biasing, from OV to 1.2V. When the
measurement mode is established the drain DUT terminal is connected
to the DMF and DMS signal paths (see Table 2.2), whereas the gate
terminal is connected to the GMF, as shown in Figure 2.11 (a).

e Stress mode: this operation mode has been designed to conduct the
stress phases of BTT and HCI aging tests, which consist in the application
of an over-voltage biasing, between 1.2V and 3.3V, to drain and gate
DUT terminals. When the stress mode is established, the DUT drain
terminal is connected to the DSF and DSS signal paths, whereas the
gate terminal is connected to the GSF signal path, as shown in Figure
2.11(b).

e Standby mode: this operation mode connects both drain and gate
terminals to the VSB signal paths using a single TG for drain and
for gate, as shown in Figure 2.11(c). This operation mode has been
designed to prevent the DUT from being biased when not selected. For
the pMOS transistors, the DUT terminals are biased with VDDA and
for the nMOS transistors with VSSA resulting in |Vgs| = |Vps| = 0V.

e Off mode: This operation mode has been designed as a secure operation
mode that opens all TGs of all operation modes leaving the DUT
disconnected from the chip biasing paths. The off mode is used to
prevent short circuits between the standby mode and other operation
modes and to disconnect non-functional DUTs during testing.

All variability test conducted to the on-chip ENDURANCE devices must
follow a fixed operation mode protocol with the aim of avoiding any electrical
damage to the IC or the unit cells. Possible unwanted stress to the IC paths
can damage the chip due to, for instance, a short-circuit between standby and
stress voltages if both TGs are activated simultaneously for a long period of
time because the operation mode protocol is not followed correctly.

Figure 2.12 shows the allowed operation mode switching protocol executed

by the measurement algorithm to ensure a correct unit cell operation during
tests. Mode-to-mode critical changes are described below:

o4



2.2. IC digital control: operation modes

(a) (b) (c)

DMF DMF DMF

DMS DIMS DMS
DSE DSF DSE
R D55 D55
VSH WVSB VSB

==
e n l L .}

YWEUY VYV E

"

DRAIN DRAIN
STTG SB TG
GATE | GATE |
STTG SB TG
.
| ,"( N | ® "4 \
i
Il ; \ | H
‘\ p P, p P \ l,ll
*F GMF ~F" GMF
GSF GSTE
VSH VSB
nMOS: VS5 pMOS: VDDA nMOS: VSS pMOS: VDDA nMOS: VS5 pMOS: VDDA

Figure 2.11: Schematic diagram of the TG connections to establish (a) the
Measurement mode (ME), (b) Stress mode (ST) and (c¢) the Standby mode
(SB).

e Switching from standby to measurement or stress modes and vice versa:
This operation mode switching requires a momentarily Off mode setting
to avoid any electrical damage to the internal unit cell transmission
gates. A momentarily Off mode ensures that the standby voltage, is not
short-circuited with the measurement /stress voltages.

e Switching between stress and measurement modes: switching between
these two modes requires an intermediate mode called stress-measurement
mode. This special mode ensures that, for a small period of time
(< 10ns), the measurement and the stress mode internal TGs are con-
nected together. This procedure avoids DUT disconnection that can
result in electrical damage or unwanted recovery maintaining the applied
voltage at a controlled intermediate level because of the voltage divider
imposed by the R,, of the TGs.

Figure 2.13 shows an illustrative example of the digital procedure that
must be followed to activate a unit cell for operation mode definition using
a total of ten digital input signals. As shown in Figure 2.13, the first step
before the chip is powered on consists in sending a general reset pulse signal
to the chip to switch all flip-flops and decoders to the standby known state.
This action will force the selection decoders to activate the non-wired zero
output and set all unit cells of both arrays into the standby mode.
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MEASURE

Figure 2.12: Operation mode switching protocol of the ENDURANCE chip.

For activating a unit cell of the ENDURANCE IC, row and column bit
addresses are sent bit by bit starting by the MSB through the IROW and
ICOL serial data input PADs of the chip. The row and column selection
circuitry allow the activation of 56 unit cell rows by a 6-bit word, while the
column selection interface manages a total of 28 columns utilizing a 5-bit word
address. To store each bit in the serial input interfaces, two asynchronous
clock signals need to be sent through the CKC and CKR chip pads. Row and
column serial input interfaces are both designed by two-layer interconnected
flip-flop lanes. The first lane stores each serially entered bit and, when row
and column unit cell bit addresses are entered, the second lane, which is
directly connected to the decoders, stores both addresses in memory by means
of the asynchronous DECOSET signal. Figure 2.13 shows the unit cell number
5 and 34 activation to switch the unit cells to a different operation mode.

The definition of an operation mode to an active unit cell is conducted
by the three digital external chip pads labelled in Figure 2.13 as "XXM?” for
the measurement bit, the "XXS” for the stress bit and the "XSB” signal for
the standby bit. The combination of the three operation mode bits allows for
stablishing one of the four operation modes (presented in section 2.1.1) at a
time to the unit cell D-type flip-flop memories.

As shown in Figure 2.13, after the activation of the unit cell number
5, the measurement mode is established to the CONTROL core circuitry
memories and an Ipg — Vag curve is executed to the DUT utilizing the analog
measurement paths, i.e., Vgg, Vpg. For the unit cell number 34, the stress
mode is established to the memories and the Vg and Vpg biasing voltages
are set to 2.5V for the execution of a HCI stress to the DUT utilizing the
stress paths.
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Unit cell #5 measure, Unit cell #34 stress
activation mode activation mode

Ins-Veas HCIstress
Figure 2.13: Illustrative example of the digital procedure to activate a unit
cell for individual operation mode setting and final variability testing.

2.2.1 HCI parallel test example with 3 devices

The present section will illustrate the steps involved in a 3-DUT test example
showing the capabilities of the ENDURANCE chip when parallelizing the
stress phases whenever possible of an aging test to reduce the total testing
time. For this example, an HCI aging test with initial device parameter
characterization followed by a single stress-measurement aging cycle will be
described utilizing parallel stress phases execution.

The top section of Figure 2.14 describes the graphical distribution of the
3-DUT HCI aging test. The basis of the example consists in parallelizing
the stress phases while maintaining individual measurement phases. The
non-stressed parameters of each DUT are extracted by means of an initial
Ips—Vas (first green block of each DUT in Figure 2.14) curve characterization.
During the stress periods of the HCI test, Vgs and Vpg voltages are both set
to 2.5V to accelerate the HCI aging damage. After each stress period during
the measurement period (second green square of each DUT in Figure 2.14) an
Ips-Vgs curve is performed, in this example, with fixed Vpg, e.g., 100mV,
while the Vg is swept from 10mV to 1.2V.

First, before any electrical test, a secure chip power on is executed. As
shown in Figure 2.14, the three biasing chip voltages are set to its required
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values: VDD = 1.2V, VDDIO = 2.5V and VDDA = 3.3V. After the chip
biasing, all digital circuits of the IC, i.e., shift registers, decoders and the
CONTROL core circuitry of all unit cells are at an unknown state. Thus, the
RESET signal is lowered to zero and all digital circuits are set to the standby
state.

With the aim of saving as much time as possible during the execution of
aging tests, the IC should be continuously measuring data from the tested
DUTs while the stress phases are executed in parallel. Thus, as shown in
Figure 2.14, from the initial Ipg — Vs curve characterization of DUT #
5 to the last Ips — Vgs curve of DUT #63 after its HCI stress, it can be
verified that the IC is continuously measuring Ips — Vgg curves, while the
stress phases are executed and overlapped as much as possible.

To keep the ENDURANCE IC continuously measuring, it is necessary
to include standby periods between certain stress and measurement phases
to sustain the integrity of the parallel scheme to reduce the aging test time.
Nevertheless, there is an unbreakable condition when executing aging tests
changing from stress to measurement phases: a standby period cannot be
introduced between the end of a stress phase and the start of a measurement
phase for a particular DUT as can be verified in Figure 2.14.

Figure 2.14, also shows when each digital instruction should be sent to
the IC to proceed which each step of the complete HCI test. The digital
sequence that should be executed at each "DX” stage follows a test priority
sequence to ensure a trustworthy device characterization. For instance, in
Figure 2.14, in the D6 digital stage DUT # 5 must be switched from stress
to measurement while DUT #63 must be switched from measurement to
standby. In this scenario, when more than one digital action must be taken
the following priorities and obligations should be satisfied:

1. Switching from stress to measurement mode has maximum priority.

2. Switching from measurement to stress mode has low priority.

3. Switching from Standby mode to stress or measurement has low priority.
4

. During switching from Stress or Measurement modes to standby mode
or vice versa, an intermediate OFF mode should be executed to avoid
IC short circuits as defined in the operation mode switching protocol
in Figure 2.12. For instance, Figure 2.13 shows the execution of a
momentary OFF mode before switching from standby to measurement
mode in DUT #5 and from standby to stress mode in DUT #34.
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Figure 2.14: Timing sequence of the 3-DUT HCI test example.

A precise description of the novel parallel algorithm shown in Figure 2.14,
named All DUT parallel stress pipeline measurements ADPSPM, will be
described in detail in the following chapter of these thesis.

2.3 Conclusions

In this chapter, the circuit design of the novel and versatile ENDURANCE IC
chip for the massive characterization CMOS transistors has been presented.
The chip contains sufficient test devices (nMOS and pMOS) of different sizes to
get statistically significant results for a wide range of variability test including
TZV, RTN, BTT and HCI aging that can be characterized using a unique IC.

Compared to other existing array-based ICs, the ENDURANCE chip
incorporates an accurate circuit design that ensures the ability to perform
trustworthy device level variability characterization. The utilization of on-
chip Force-&-Sense voltage biasing paths guarantees that, during variability
characterization, IR-drops are mitigated and all defined voltages are correctly
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applied to the device terminals. The IC I/O TGs allow applying stress voltages
to the DUTs up to 3.3V during aging tests without significant degradation
of the access circuitry. The DUT circuitry added for this purpose, however,
limits the number of DUTs that can be included.

The digital circuit design incorporated in to each DUT together with the
dedicated TG allows individually connecting each DUT embedded in the unit
cell in parallel to the measurement, stress or standby paths of the chip. This
functionality allows the execution of stress phases of aging tests in parallel,
significantly reducing the test time. Moreover, the IC design ensures accurate
synchronization between measurement (with leakage current cancellation)
and stress phases. The completely asynchronous unit cell selection circuitry
increases the IC program flexibility because row and column address bits can
be introduced in parallel providing faster unit cell activation. Moreover, a
new unit cell selection address can be pre-programmed in the shift registers
saving valuable time.

Special care has been taken in the layout design of the unit cell block. The
interdigital technique utilized in the design of the T'Gs allows a significant
area reduction of the total size of the unit cell. The layout design of the DUT
itself, includes side-by-side dummy transistors to minimize DUT fabrication
geometry mismatch. Another advantage of the ENDURANACE chip is the
possibility to study TZV and TDV related variability phenomena in terms of
DUT size, distance and orientation, owing to the novel array distribution in
macrocell blocks.
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CHAPTER 3

A flexible framework for the
characterization of TZV and TDV
phenomena in array-based ICs

To overcome issues related to on-wafer transistor testing, as described in
Section 1.5 in Chapter 1, array-based IC solutions allow the statistical cha-
racterization of transistors but brings new characterization challenges, which
are critical not only for the design of the IC itself but also for the way in which
the on-chip devices should be tested. Therefore, efficient characterization
frameworks must be developed to provide a hardware structure to harbour the
array-based IC chips together with a fully automated software tool to generate
and precisely execute all required control instructions during transistors testing.
In this scenario, the present chapter will describe the full-custom laboratory
instrumentation framework together with a fully-automated software tool
intended for the characterization of CMOS devices in array-based IC solutions.
Parts of these chapter have been published in [130,131].

This chapter is divided in four sections. In the first section, the novel
parallel stress testing technique for BTT and HCI aging phenomena charac-
terization will be described. The second section will present the full custom
characterization software, named TARS, to perform statistical characteriza-
tion of TZV and TDV phenomena automatically. The TARS software has
been designed using Matlab® scripting language, with a set of easy-to-use
graphical user interfaces (GUI) for the creation and execution of automated
tests. The third section will explain in detail the developed characterization
hardware that harbours all necessary blocks to characterize the on-chip EN-
DURANCE transistors. Finally, the fourth section will cover the digital and
analog ENDURANCE IC software functionality verification.
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phenomena in array-based 1Cs

3.1 The All DUT Parallel Stress Pipeline Mea-
surements (ADPSPM) methodology

Regarding prohibitive testing times when dealing with conventional BTI/HCI
testing techniques, parallel stress techniques are used to dramatically reduce
the overall test times when thousands of MOSFET devices are involved. In
this regard, the stress phases can be parallelized but only one DUT can be
measured at a time to assess the degradation of each device individually. The
PSPM technique, described in Section 1.5.2 in Chapter 1, deals with this
constraint and, as it has been demonstrated, this methodology cannot apply
a good parallel scheme when dealing with an MSM sequence with short initial
stress times.

In order to avoid the limitation imposed by the PSPM method, a novel
parallel algorithm has been developed in this thesis in order to execute BTI
and HCI aging tests in the shortest possible time accommodating hundreds
of devices in a single test. This novel methodology, named All DUT Parallel
Stress Pipeline Measurement (ADPSPM) uses standby periods' that can
be introduced between certain measurement and stress phases to make the
necessary room to accommodate any number of DUTs in the parallel scheme.
These intermediate standby periods will be considered in the data analysis
(as an additional recovery time) for the evaluation of the damage suffered
by the tested DUTs under BTT or HCI accelerated aging test. For instance,
Figure 3.1 shows an example of an arbitrary 5-DUT aging test with four eSM
cycles parallelized by utilizing the novel ADPSPM algorithm.

With the aim of achieving a precise SM parallel test, the ADPSPM
algorithm treats and analyses each cycle SM cycle individually. In the first
cycle (C1 in orange in Figure 3.1), the SM pattern of each DUT is delayed
("D” times), like in a regular PSPM approach, in order to ensure that all the
measurement phases in all DUTs are pipelined and no measurement overlap
occurs. Once all the SM patterns of cycle C1 have been temporarily allocated,
the algorithm starts the parallel distribution of the next cycle. The critical
condition is that the last measurement phase of cycle C1 (DUT#5 in Figure
3.1) cannot overlap with the first measurement phase of cycle C2 (DUT#1).
In order to guarantee this unbreakable condition, the algorithm computes the
total SM time needed for DUT#1 in cycle C2 (time B), and compares it to

LA standby period is a time frame where a DUT is biased with Vg = Vpg = 0V, which
means that the DUT is not being measured not stressed.
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the time required for measurement of the remaining DUTS in cycle C1 (time
A). If the difference is negative (B < A), the algorithm inserts the necessary
standby time period (SB) to avoid any measurement overlap, shown in Figure
3.1 as green periods.

Figure 3.1: Example of the ADPSPM technique with 5 DUTs during a 4-cycle
SM test. C1 illustrates the first SM pattern. A denotes the time reserved
for DUT measurements after the end of the DUT#1 SM cycle and B is the
required time for the SM pattern execution of DUT#1 in the next cycle.

The ADPSPM parallel methodology can accommodate any number of
DUTs avoiding any "place-and-check” DUTs allocation. The total test time
of the ADPSPM algorithm can be calculated with the equation 3.1:

TADPSPM =ts+ (M "N - tmeasurement) +tso (31)
M .
tso =Y maw [ (K7™ ty-tmeasure - (N-1)) ,0] (3.2)
j=2

In equation 3.1, the ¢, time corresponds to the initial stress time defined
to all DUTs in the eSM sequence. The first bracket computes the total
time where the system is continuously measuring devices, computed with the
number of SM cycles (M), the number of DUTs to be tested (N) and the
fixed measurement time (£meqsurement) for all DUTs. Finally, the ”Stress only”
additional time period (tso) stands for the total amount of time where the
system is only stressing devices in an i-th eSM cycle. This is because before
the end of the stress period in the i-th eSM cycle, all DUT measurements
of the (i-th)-1 cycle have been concluded. In this sense, in equation 3.2, K
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corresponds to the stress time increase base, e.g., K = 10 for exponential
increase, and j defines eSM i-th cycle. This situation can occur when large
stress times, e.g., 10,000s or 100,000s, combined with a low number of DUTs
in the test are defined to the ADPSPM algorithm for its parallelization.

Figure 3.2 shows an explanatory eSM test parallelized with the ADPSPM
methodology for an aging test with M = 5 cycles, K = 10, tmeasurement
= 100s, ts = 1s, and N = 5 DUTs. In the 5-th eSM cycle, each DUT is
stressed for 10,000s while the 5 DUTs in the 4-th cycle are measured in
N - timeasurement = 9 - 100s = 500s, a significant reduced time when compared
with the upcoming stress period of 10,000s. In this situation, after the end of
the last DUT measurement in the 4-th cycle (73 in Figure 3.2) the system will
be only stressing the 5 DUTs at the 5-th cycle for 10,000s - 500s = 2.7 hours
(using equation 3.2 with j=5) until the first DUT stress period is concluded
(see Ty in Figure 3.2). On the contrary, if the same test is executed increasing
the number of DUTs, for instance N = 100, the tso computed time with
equation 3.2 at the 5-th cycle (j = 5) is reduced to only 100s, meaning that
the number of DUTs in the test influences the total amount of tgp of the
entire parallel scheme.

Cycles: T 5th T,

. cycle: Stress only = 2.7h .
1
o 2
£ 13
a3, 4
5

0 2000 4000 6000 8000 10000 12000

T aopspm (8)

Figure 3.2: Example of the time in ”Stress Only” in a ADPSPM test with
5-th eSM cycles due to a low number of parallelized DUTs combined with
long stress times. In the Figure, the 4-th cycle shows a lower tgo time.

In order to illustrate the time reduction achieved by the novel ADPSPM
technique, Table 3.1 shows a comparison in terms of total aging test time
between SERIAL, PSPM and the presented ADPSPM algorithm for the two
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aging test examples, Mbtsl (M = 5, t, = 18, tprpasurE=100s) and M3ts100
(M = 3, ts = 100s, tprpasurRE=100s ), described in section 1.4.1 of Chapter 1
for different number of DUTs, i.e., 1, 100, 300, 500, 700.

Table 3.1: SERIAL, PSPM and ADPSPM methodologies test time comparison

2“5“5;2 SERIAL | PSMP | ADPSPM | SERIAL | PSMP | ADPSPM
Test: Mbtsl Test: M3ts100
1 3.22h 3.16h
100 13.4d | 13.4d 13.9h 13.2d | 1.45d 8.4h
300 40.3d | 40.3d 41.7h 39.5d | 4.05d 1.04d
500 67.2d | 67.2d 2.90d 65.9d | 6.65d 1.74d
700 94.1d | 94.1d 4.05d 92.3d | 9.26d 2.4d

As shown in Table 3.1, it has been clearly demonstrated how the serial
device test takes the longest characterization time. Moreover, the PSPM
technique cannot go below the serial testing time if the initial stress time if set
to 1s for the Mbtsl test definition. This happens because the PSPM algorithm
cannot parallelize the SM sequence because measurement conflicts appear
between different devices and cannot be avoided. Thus, the SM sequences
have to be delayed increasing the test time.

For the M3ts100 test, where the initial stress time is increased to 100s,
the PSPM shows a good aging test time reduction executing the tests approx-
imately 10 times faster than the serial procedure for all DUT number cases.
In this case, the PSPM is able to parallelize more than one device without
incurring in measurement conflicts but, still with an initial large stress time,
the PSPM technique is not able to significantly reduce the total aging test
time. On the contrary, the total test time reduction achieved by the ADPSPM
technique is significantly larger when compared with the SERIAL and the
PSPM methods. For instance, for the test involving 700 DUTs, the ADPSPM
technique executes the Mbtsl test 23 times faster than the SERIAL and the
PSPM techniques or, equivalently, the ASPSPM technique achieves a test
time reduction of 95% (see Table 3.1).

For the case of the M3ts100 test example, the ADPSPM technique executes
the aging test ~ 4 times faster than the PSPM algorithm or, equivalently,
achieves a test time reduction up to 74%. Typical BTI or HCI aging tests
intended to accelerate aging phenomena are based in the execution of MSM
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patterns similar to the Mb5tsls test example or even with starting with lower
stress times [50, 60,127, 138].

3.1.1 ADPSPM: a time complexity study

To illustrate the advantages of the ADPSPM technique in terms of time
saving, the present section will describe a study of the required time to
characterize DUTs comparing the SERIAL, PSPM and ADPSPM algorithms
against an IDEAL test time frontier. For the comparison, Figure 3.3 shows
the characterization time per DUT as a function of the number of DUTs
for three different aging tests: a 5-cycle eSM test with initial stress time of
1s (ts = 1s), a 4-cycle eSM test with ¢, = 10s and a 3-cycle eSM test with
ts = 100s shown in Figure 3.3 (a), (b) and (c) respectively. Moreover, to
compute the test time per device, the measurement time of all measurement
periods for all DUTSs is set to a 1008 tmeasurement = 100s.

As shown in Figure 3.3 (a), (b) and (c), the blue diamonds represent the
time required for the SERIAL test in which the devices are characterized
one at a time, by applying the full sequence of eSM cycles. The test of the
following DUT does not start until all eSM cycles of the previous device
have finished. If we consider the place-and check PSPM technique for the
conditions shown in Figure 3.3 (a) in red squares, no parallel stress can be
applied because the initial stress time of 1s does not allow any parallelization
of the SM cycles of different devices thus, only one single device can be tested
at a time overlapping with the SERIAL testing time (see inset in Figure 3.3
(a)). This means that no time improvement when compared with SERIAL
testing can be achieved.

On the contrary, the ADPSPM technique clearly shows a fast decrease
of the test time per device when increasing the number of devices, as shown
with the green circles. In Figure 3.3 (b), the initial stress time is set to 10s
allowing the PSPM technique to parallelize only 2 devices, whereas in Figure
3.3 (c) the initial stress time is set to 100s and up to 11 devices can be stressed
in parallel with the PSPM technique. Correspondingly, the test time per
device is reduced to one tenth of the SERIAL procedure, but this 2-device or
10-device parallel scheme must be repeated until all devices are measured.

Also in these cases, the ADPSPM technique reveals a significant test time
reduction compared to the SERIAL and PSPM techniques, by parallelizing
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the stress phases whenever possible and maintaining the measurement channel
occupied the maximum time (see Figure 3.1). The IDEAL time is indicated
as a black line in Figure 3.3 and represents an unreachable limit of the test
time per device where the stress time of the necessary parallelization scheme
are ignored. It can be checked in Figure 3.3 (a), (b) and (c¢) that in all test
situations, the ADPSPM technique tends asymptotically to the IDEAL time
when the number of DUTs increase.

3.2 TARS software architecture for MOSFET
characterization

During transistor variability characterization, it is very important to have a
precise control of every action taken by the measurement system such as the
particular biasing conditions at a given time during stress or measurement
periods. Moreover, maintaining a precise synchronization between sending
digital instructions to the IC chip and executing the required characterization
line, for instance, Ipg — Vpg curves, is also critical. In this scenario, all hard-
ware components of the measurement framework must be precisely controlled
by a set of GPIB? [139] and USB instructions. These important steps could
be implemented by the user itself by hand sending each instruction with a
perfect synchronization between all the setup equipment. Nevertheless, this
manual synchronization would become an unfeasible task when thousands of
commands have to be sent to the laboratory equipment in a specific sequence
maintaining a perfect synchronization.

For illustration, let us consider a simple Ipgs — Vg curve characterization
for a chip containing 100 devices. Assuming that 100 sampling points are
taken for each curve, approximately 10,000 GPIB instrumentation commands
are needed. In the case of a typical BTI/HCI degradation test, not only
the number of commands will be even larger but their scheduling will be
much more complex. Therefore, the need for automating the generation of
instructions for the control of the hardware setup becomes necessary. In this
scenario, the TARS software generates all necessary GPIB and digital control
instructions. The TARS software features several user-friendly GUIs that
facilitate the definition of automated measurement tests that will be described
in the following subsections of these chapter. The architecture of the TARS

2The General Purpose Interface Bus is a digital communications interface bus with
specification IEEE 488.2
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software follows a modular approach with the following three main modules:

1. Test plan generation module: this module receives the information about
the user-defined tests and generates a script® containing a specific "test
plan”. A "test plan” file consists of a proper sequence of the electrical
tests to be applied to each DUT and the range of the test conditions.

2. Elementary instruction generation module: this module transforms
each command of the test plan into the set of elementary actions that
implement such command.

3. Test execution module: this module reads each elementary instruction
and generates and sends the corresponding GPIB commands to the
instrumentation and the IC digital control instructions.

The three presented modules, that constitute the architecture of the
TARS software, are based on the automatic generation of test files, for the
configuration of the user-defined test using the "Test plan generation” and the
"Elementary instruction generation” modules and also to store the measured
data from the tested devices. The structure of the generated files follows a
fixed column distribution containing all the required data to execute tests
and store measured data as shown in Table 3.2. The main column data
distribution of all generated files shares exactly the same 5 initial columns
with the test time, DUT number, MOSFET type, operation mode (OM)
and, variability code (VC). Moreover, the sixth column is expanded into a
set of columns depending on the type of test to be executed. The column
distribution of the files generated by the TARS modules will be explained in
the following sections.

3.2.1 Test plan generation module

The main objective of the test plan generation module consists in the automatic
generation of a text file that contains a test plan where all the required
information of the variability test to be executed is specified in individual
test lines. The test plan is generated from the user-specified test options
entered by means of the test file generation GUI that will be described Section
3.4. The structure of the test lines contains the test variables distributed in
columns following the structure presented in Table 3.2. Depending of the test

3Files where programs are written utilizing high-level general-purpose languages for a
special run-time environment to automate the execution of tasks.
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to be executed (see variability test codes in column #5 of Table 3.2), the test
lines can have 7 or 10 columns.

Table 3.2: Column distribution.

1 [ 2 | 3 [ 4] 5 | 6
Test DUT MOSFET OM VC: Variability Biasing
time number type code conditions

Seconds | Integer | N: nMOS | SB 00: standby Initial
P: pMOS | ME 11: stress Final

ST | 22: BTI measure Step
23: HCI measure Vas
33: Ips — Vs Vbs
44: IDS - VDS
20: RTN measure

For the automatic generation of the test plan file, the algorithm executes
the flow diagram of Figure 3.4, which is divided in three different branches: the
I-V measurement branch, dedicated to describe the generation of Ipg — Vigg
and Ips—Vpg curves, the RTN test lines generation branch, and the BTT/HCI
aging test lines branch generation, which applies the ADPSPM technique to
all DUTs following the test line instruction described hereinafter:

(i) Ips— Vg curve test line column variables: Table 3.3, lists the 9 column
variables, where columns 6 to 9 allocate the required variables to execute
an Ipg — Vgg curve. Table 3.3 shows two examples of Ipg — Vg curve
definition for nMOS and pMOS DUTs, where the VC is 33 as defined
in Table 3.2.

Table 3.3: Ips — Vg test line column variables definition.

1 [ 2 [ 3 [4[5[]6 ] 7 18109
Test MOSFET Initial | Final | Step
time DUT# type OM | VC | Vps Vas Vas Vas

b) 15 N/P ME | 33 0.1 0.01 1.2 | 0.01

(ii) Ips-Vps test line column variables: Table 3.4, shows the 10 column
variables where columns 6 to 10 allocate the required variables to execute
an Ips—Vpg curve, where the VC is 44 as defined in Table 3.2.
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Table 3.4: Ipg — Vpg test line column variables definition.

1 2 3 4 ‘ 5 ‘ 6 7 8 9 ‘ 10
Test MOSFET Initial | Final | Initial | Final | Step
time DUT# type OM | Ve Vbs | Vbs Vas Vas | Vas

) 15 N/P ME | 44 0.01 1.2 0.01 1.2 0.01

(iii) RTN and BTI/HCI aging test lines definition: the test plan generation
algorithm uses the same 8-column variables. Table 3.5 shows 5 different
example test lines where, line #1 defines the variables for the RTN test
with VC code 20; line #2 and #3 define a SM test for a BTI execution
with VC 11 and 22 respectively; lines #4 and #5 define the SM test
lines for an HCI test with VC 11 and 23 respectively.

1) Involved DUTs
2) Variability test type
3) Variability test parameters

! ! Y

- Initial and final V¢ (X=G,D) N tuples: - ADPSPM vars.: M, K, t,,
- Test time {Test time, Vg, Vgt . 1V time
* Vg steps i=1, . N + STRESS Vg & Vpg

- MEASURE Vg & Vpg

ADD lpg-Vye LINE ADD RTN TEST LINE
=] o>
. e i

Test plan
script

Figure 3.4: Flow diagram of the test plan generation module.
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Table 3.5: RTN, BTI and HCI aging test line column variables definition.

1 | 2 ] 3 | 4 [ 5] 6 7
Test time | DUT# | MOSFET type | OM | VC | Vgs | Vbs
1 100 51 P ME | 20 | -0.5 | -0.1
2 10 15 N ST | 11 | 25 | 25
3 100 15 N ME | 22 | 0.6 | 0.1
4 10 15 N ST | 11 | 25 | 25
5 100 15 N ME | 23 | 0.6 | 0.1

For the generation of the test plan for any BTI/HCI aging test, the
ADPSPM algorithm is always executed. For instance, Table 3.6 shows an
excerpt example of the first 12 HCI test plan lines for three DUTs. In the
example, line #1 sets the first device in stress mode for one second. Then,
the device must undergo a 100s measurement period. But 1s before the
measurement stage finishes, DUT#2 is set in stress (line #3) for 0s. Before
the measurement of DUT#1 finishes, the last second of the measurement time
is utilized to execute the Ips—Vgg curve (line #4) and immediately after
DUT#1 is set back to standby (line #5) ending the first cycle of the DUT#1.
It is important to notice that to obtain the parallel scheme achieved by the
ADPSPM algorithm, line #3 sets DUT#2 in stress mode before the execution
of the final Ipgs — Vg curve measurement of DUT#1 in order to save time.
In line #5, DUT #1 is set to standby mode until the next SM cycle starts.

It is important to remark that since no action is taken before the first
stress time, the system will wait the exact first stress time as shows in Table
3.6 line #1. On the contrary, after the first stress period, other actions are
taken by the algorithm and the subsequent stress time periods are set with Os
because the DUTs have to only be digitally set to stress while the progression
of the parallel algorithm will cover exactly the stress time of each DUT. The
same procedure is sequentially applied to the rest of devices. The application
of the ADPSPM algorithm has achieved two goals: maximum efficiency as
the instruments are taking measurements during the maximum possible time,
and short and equal delay between stress and measurement.

Figure 3.5 shows the time evolution of the complete aging test sequence
defined in Table 3.6. As shown in Figure 3.5, for DUT #1 an initial stress
phase is applied followed by a measurement period, i.e., Ips—t and Ips—Vgs.
Before the completion of each measurement phase the next DUT it set to
stress before the end of the previous DUT measurement concatenating the
measurement periods of all DUTs saving time.
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Table 3.6: ADPSPM HCI aging test excerpt example.

| 1] 2 [ 3 [ 4]5[6] 7 [8]09

?OSt Test DUT# MOSFET | o)\ | ve Biasing conditions
ine time type

1 1 1 N ST | 11 | 2.5 | 2.5

2 99 1 N ME | 23 | 04| 0.1

3 0 2 N ST | 11 | 25| 2.5

4 1 1 N ME | 33 | 0.1 ] 0.01 | 12| 0.01
) 0 1 N SB | 00 0 0

6 99 2 N ME | 23 | 04| 0.1

7 0 3 N ST | 11 | 2.5 | 2.5

8 1 2 N ME | 33 | 0.1 | 0.01 | 1.2 | 0.01
9 0 2 N SB | 00 0 0

10 99 3 N ME | 23 | 04| 0.1

11 1 3 N ME | 33 | 0.1 | 0.01 | 1.2 | 0.01
12 0 3 N SB | 00 0 0

DUT #1 Tpg-Ves

DUT #2 ST

DUT #2 Ins-Ves
DUT #3 ST

Figure 3.5: Time evolution of the example test proposed in Table 3.6

3.2.2 Elementary test instructions generation module

Each line of the previously described test plan script may involve different
setting conditions that have to be sequentially established, e.g., in an Ips—Vag
curve, the Vgg is swept from OV to 1.2V and each sweep value will consist
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in a single test plan line. Therefore, this second module transforms the test
plan script into a set of sequential elementary instructions. Table 3.7 shows
the elementary instruction script obtained from the Ips—Vgg test plan line
detailed in Table 3.3 and the first 4 test lines of the ADPSPM detailed in Table
3.6. Each elementary instruction contains the information to set instruments
and DUTs at the correct configuration.

As described in Table 3.7, the elementary test file consists in a fixed
7-column file where Ipgs — Vgs and Ips — Vpg I-V test plan lines are split
into elementary test lines. In this example, the Vg voltage is swept from
10mV to 1.2V with a step of 10mV while the drain voltage is fixed to 100mV.
In the case of an ADPSPM aging test example in Table 3.7, it is important to
mention that for BTI and HCI stress or measurement phases, the elementary
test instructions are defined with a single test line while the Ips—Vgg curve
characterization is defined with as many elementary instructions as Vgg
sampling points are required. All these variables will later be used to construct
the GPIB commands that will be sent to the instrumentation equipment
together with all required digital IC control commands.

Table 3.7: Ips — Vg test line column variables definition.

1 | 2 ] 3 | 4 [ 5] 6 | 7
Elapsed time \ DUT# \ MOSFET type \ oM \ vC \ Vas \ Vbs
Ips — Vas Elementary test instructions.

0.000e-2 15 N/P ME | 33 | 0.01 | 0.1

1.000e-2 15 N/P ME | 33 | 0.02 | 0.1

2.000e-2 15 N/P ME | 33 | 0.03 | 0.1

3.000e-2 15 N/P ME | 33 | 0.04 | 0.1

Aging ADPSPM Elementary test instructions.

0.0000e+0 1 N/P ST | 11 | 25 | 2.5
1.0000e+-0 1 N/P ME | 23 | 0.5 | 0.1
1.0000e+-2 2 N/P ST | 11 | 25 | 2.5
1.0000e+-2 1 N/P ME | 33 | 0.01 | 0.1
1.0100e+-2 1 N/P ME | 33 | 0.02 | 0.1
1.0200e+-2 2

N/P ME | 33 | 0.03 | 0.1
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3.2.3 Test execution protocol and output test files

The test execution protocol module, illustrated in the flow diagram in Figure
3.6, reads and executes the elementary test instruction file line by line, ex-
tracting the test variables and generating the necessary GPIB commands and
digital chip control signals to execute the generated test plan.

The test execution protocol first analyses if the currently selected DUT
must be changed. If this is the case, the module sends the corresponding row
and column matrix addresses of the new DUT to the serial chip interfaces.
Then, it activates the selected operation mode (OM) by connecting the drain
and gate DUT terminals to the required analog IC paths. The same operation
that is performed if the DUT is not changed but a new OM code must be
applied to the current DUT. After activating the appropriate DUT and setting
the OM, the test execution module obtains the Vgg and Vpg voltages and
sends the appropriate commands to start a stress or a measurement phase:

READ LINE of the
> E yTest |« @
Instruction Script
YES _| ROW/COLUMN
DUT SELECTION
NO |
YES OM BIT
"'"fZI @ TRANSMISSION
)
NO |

MEASURE

STRESS || 1)SetVp&Vg fﬁ,ﬂp—_%
SetV, &V | 2)C of leal e
: = SetVgg =0V

3) Measure Ig

NO YES | SECURE _@
SHUT DOWN

Figure 3.6: Flow diagram of the test execution protocol.
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(i) Stress phase (ST): the stress biasing voltages are set to the drain and
gate SMUs and will be kept until the end of the test ensuring that all
involved DUTs are stressed under the same conditions.

(ii) Measurement phase (ME): the biasing voltages of this mode can be
changed each time a DUT is set into the measurement OM because only
one DUT will be measured at a time.

For example, when Ips — Vg, RTN and BTI/HCI tests are specified for
100 DUTs, a test plan with 2,500 lines is generated. Execution of this test plan
produces 20,800 elementary test instructions that trigger the same number of
GPIB commands, as well as 2,300 IC digital control instructions. After the
set of test experiments specified in the test plan are completed, a secure shut
down protocol is executed to prevent any electrical damage to the IC. First, a
general RESET signal is sent to all unit cells in order to set the secure standby
operation mode for all DUTSs; second, all SMUs are disconnected; third, the
PCB biasing voltage set by the power supply is removed, and, finally, the
GPIB connections with all measurement equipment are terminated.

The test execution protocol performs the measurement phase in 4 steps to
ensure minimum time gap between ST and ME phases and to compensate
the current leakage of the IC for the particular test conditions:

1. PAD biasing: the algorithm sets the required bias voltages to drain and
gate measure lines chip pads (DMF, DMS and GM in Figure 3.12).

2. Leakage characterization: a leakage current measurement is performed
through the DMF chip pad to calibrate the DUT current measurement.

3. Ipg-t measurement: the current through the measurement path of
the chip is captured while before changing the DUT from a previous
operation mode, i.e., SB or ST, to the measurement mode.

4. Digital DUT change to measurement mode: after starting the mea-
surement, the OM code of the unit cell DUT is digitally changed to
ME mode and the Drain/Gate DUT terminals are connected to the
measurement paths. This switching procedure ensures that the time
gap between changing to the measurement mode will remain minimum
and equal for all DUTs involved in the test.

To illustrate the SM sequence described during an aging test, Figure 3.7
shows the current behaviour of an ENDURANCE IC DUT when switching
from stress to measurement modes. The first measurement points (100ms)
represent only leakage because the DUT is still connected to the stress lines,
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after the leakage current measurement is done, the DUT OM is set to the
measurement mode and the registered current changes from the pA to the yuA
with a time step of 2ms. The figure also shows how during the measurement
time window of 100s the transistors experience a Vj, recovery as can be
observed by the abrupt current jumps present in the current trace.

2.0 T
1 DUT changes from ]
1.5 STtoME -
z g 2ms delay while B
: changing the OM ]
§1-0__ g % T i
8 1 Leakage measure ol N N
- ] Dbefore DUT changes ]
0.5 toME 1 i
1 ° [t | 1
] 0.114 0.116 ]
L P e e L P
10 10° 107 1 10’ 10

Time (s)

Figure 3.7: Ipg — t trace measurement after BTI stress executed following
the 4-step process when switching from ST to ME with constant biasing of
VGS = 500mV and VGD = 100mV.

During the execution of a variability test two files are created: The output
measurement file and a measurement log file. The output measurements file,
where an excerpt of this file is shown in Figure 3.8, consists in a plain text file
organized in 9 data columns with all the data extracted by the measurements
system during the execution of the test for further analysis. All measurements
executed to a DUT are stored in a single output measurement file containing
the following data from column #1 to #9: DUT #, Ipg measured current,
the measurement time, the applied Vi, the applied Vp, the corresponding
elementary test file line for the executed measurement, the MOSFET type,
the OM and finally, the VC.

In parallel to the on-line creation of the output measurement file, the
TARS software main engine creates a Measurement log text file where every
action executed during a test is saved with the system date and time that can
be seen in real time in the main GUI of the software. This allows to precisely
analyse the integrity of all the executed tests in terms of phases execution
and elapsed times between the different phases of an ADPSPM aging test
parallel execution. Figure 3.9 shows the initial lines written in a Measurement
log file for each test.
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DEV Current time Ve VD TIMMING LINE MOS5_tvpe OF_MODE NUM_OF MODE

298 3.000000e-10 6.2828984336e+02 1.500000e-02 1.000000e-01 8586 u ME 33
2 2.550000e-10 B. 77950082402 2.697000e-02 1.000000e-01 8587 H ME 33
2 2.900000e-10 6. €58065Te+02 3. 1.000000e-01 N HME 33
2 2.800000e-10 6.2855376743e+02 5. 1.000000e-01 u ME 33
2 1.500000e-10 6.2864195156e+02 6. 1.000000e-01 H ME 33
2 2.000000e-10 E. 2999069e+02 7. 1.000000e-01 H ME 33
2 1.450000e-10 8. 1793016e+02 8. 1.000000e-01 u ME 33
2 9.500000e-11 6. 0587605=+02 a. 1.000000e-01 u ME 33
2 1.500000e-11 6. 1. 1.000000e-01 H ME 33
2 2.150000e-10 6.290¢ 1.227270e-01 1.000000e-01 o) ME 33
2 2.850000e-10 6.29169592415e+02 1.346970e-01 1.000000e-01 u ME 33
2 6.600000e-10 6.2925781657e+02 1.4666T0e-01 1.000000e-01 H ME 33
298 1.020000e-0% £.2934589377+02 1.586360e-01 1.000000e-01 H ME 33

Figure 3.8: Example of a measurement output file.

Each line gives information about the current action executed by the

software together with the system date and time. Once the initial configuration
of the test, e.g., measurement folder creation (line #1), instrument connections
(digital instructions module connection at line #3), the test execution is
reflected in the Measurement log file by a set of 3 log lines which are repeated
each time that an action is taken by the TARS software (see lines #10 to

#12):

New output data folder created!; 07-Jun-2018 13:47:18
"Timing experiment flow" text file correctly created: 07-Jun-2018 13:47:

X

5 Connection stablished wiht the DAQ-6501: 07-Jun-20185 13:48:15

oo s

Power supply connected and PCB biased: 07-Jun-2018 13:48:16

Heysight B1500A GPIB connection established: 07-Jun-2018 13:4%5:16

NMOS AND PMOS RESETS DISABLED: 07-Jun-2018 13:48:56

Starting the PMCS matrix STANDBY operation mode setting: 07-Jun-2018 13:48:58

2 Ending the PMOS matrix STANDBY operation mode setting: 07-Jun-2018 13:53:51

The test will end at: 08-Jun-2018 17:05:52

J Testing DUT # 301; COP MODE --> ME; Code: 33; VG: 0.015; VD: 0.1; 07-Jun-2018 13:53:52
1 EQUIPMENT AND INSTRUCTION SYNCHRONIZATICN (DELAY): Os 07-Jun-2018 13:53:52
2 ACHIEVED PERCENTAGE OF THE MEASURE: 0% 07-Jun-2018 13:53:52

Testing DUT # 301; CP MODE --> S5B; Code: 0; VG: 0; VD: 0; 07-Jun-2018 13:53:59
EQUIPMENT AND INSTRUCTION SYNCHRONIZATION (DELAY): 2.2851ls O7-Jun-2018 13:53:5%
ACHIEVED PERCENTAGE COF THE MEASURE: 0.01% 07-Jun—-2018 13:53:59

Figure 3.9: Example of a Measurement log file.

e The tested DUT line information includes: the DUT number, the OM
mode defined and the Vi /Vp voltages applied to the DUT (see line

#10).

e The laboratory synchronization delay: total accumulated delay time
due to code execution and instruments communication (see line #11).

¢ Real-time achieved percentage of the executed test (see line #12).
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3.3 Hardware characterization framework

The first step for a trustworthy transistor characterization is based on a reliable
hardware framework for accurate and individual device test. In this regard,
Figure 3.10 shows a sketch of the equipment used in the characterization
framework implemented for ENDURANCE DUT IC characterization with
the following list of items:

NI DAQ

2 ' USB-6501
l- Ig

e AGILENT E3631A

@ g power supply
—~

) = P

%)
|

| ¢ -
| KEYSIGHT
B1500A SPA PCB and the ENDURANCE IC

TARSTOOLBOX (5) [
(PC with Matlab®) q
— g

Norim®

SILICONE HEAD CHIF ADAPTER
THERMONICS
| == T-2650BV

Figure 3.10: Schematic representation of the laboratory hardware setup for
ENDURANCE IC characterization.

1. A personal computer (PC) equipped with Matlab® software where the
TARS software is executed.

2. A USB Digital Acquisition System (DAQ), model USB-6501 from Na-
tional Instruments, equipped with 24 digital I/O channels [140].

3. The Agilent E3631A power supply for PCB (and subsequently IC)
biasing using a 5V/1A DC output voltage [141].

4. The Keysight Semiconductor Parameter Analyzer (SPA) model B1500A.
This equipment has been provided with 4 Sense Measurement Units
(SMU), with Force-&-Sense outputs intended for precise voltage biasing
and low current measurement [142]. Voltage and current precise appli-
cation can be applied to the tested devices in constant or sweep traces
during device testing.
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5. The T-2650BV Thermonics precision temperature system with a tem-
perature ranging from room temperature to 120°C' [143] that utilizes
an air flux for heating or cooling the chip by means of a thermopar to
control the temperature of the chip.

6. A full-custom printed circuit board (PCB), where the ENDURANCE
IC is inserted using a zero insertion force socket* model JLCC68.

As depicted in Figure 3.10, the digital communications between PC and all
laboratory measurement equipment is performed by means of GPIB bus and
the USB DAQ model 6501 from National Instruments in order to stablish a
precise communications between all laboratory instruments. Moreover, Figure
3.11 shows the final characterization setup assembled in the laboratory to
test the array-based ENDURANCE IC chip. A critical concern consists in
protecting the ENDURANCE IC and the PCB against electrical damage
coming from human-body EDS [144]. This kind of protection is a priority
since the stress PADs of the IC (i.e., DSF and GS) are not EDS protected in
order to reduce its series resistance and, consequently, the associated voltage
drop. In this regard, an anti-static mat and wrist strap have been used in the
laboratory to isolate all hardware setup components from the electric damage
caused by ESD.

Figure 3.11: Laboratory characterization setup for variability testing cor-
responding with the schematic drawing shown in Figure 3.10.

4A type of IC socket that requires little force to insert the IC chip. Moreover, all the IC
PADs are contacted at the same time and with the same pressure.
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3.3.1 Printed circuit board for IC characterization

One of the most important elements of the characterization setup is the
PCB that permits the insertion and extraction of different ENDURANCE
IC samples. The PCB also harbours all the necessary connections, like the
triaxial connectors for testing and current measurements or digital IC control.
An accurate design of the PCB provides access to the IC chip PADs and
preserve the accuracy of the measurements.

Figure 3.12 shows the top view of the PCB for the ENDURANCE IC
chip testing. It has been divided in three sections: the input digital block
(Figure 3.12, section A), the biasing circuitry block (Figure 3.12, section B)
and the socket and connectors block (Figure 3.12, section C). These blocks
are explained in more detail below:

A Tnput digital block: this block (Figure 3.12, section A) is in charge of
receiving the digital signals for IC control sent from the DAQ 6501.
All digital lines are connected to the PCB through a 32-pin Insulation-
Displacement connector ® (IDC). A set of 5 electromagnetic isolators
model ADUM1400 [145] are used between the DAQ outputs and the
digital IC chip inputs to isolate the IC chip PADs from external noise
and to shift all digital signals from the TTL 5V /0V output DAQ level
to the 2.5V /0V input voltage level of the digital IC chip pads.

B Biasing circuitry block: Three precise and stable biasing voltages are
required for the ENDURANCE IC chip biasing: the biasing of the
digital core circuits (1.2V), the digital input/output (I/0) pads (2.5V)
and the transmission gates that enable stress voltages up to 3.3V. For
this purpose, a dedicated biasing circuitry that uses three CMOS high
precision voltage regulators have been implemented in the PCB circuitry
(Figure 3.12, section B). This circuitry provides, from a single 5V-1A
DC power supply voltage input, the three stable IC biasing required for
IC circuit operation.

C Socket and connectors block: This part of the PCB (Figure 3.12, sec-
tion C), includes a 68-pin zero-insertion force socket model JLCC68 that
allows easy replacement between different ENDURANCE chip samples.

Analog pads of the chip are connected to 9 triaxial connectors to supply
voltages from the Keysight B1500 SPA and simultaneously, measure

5An IDC connector, also known as insulation-displacement contact, is designed to work
with ribbon cables, and uses sharp contacts to clamp onto the wire.
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current. One of the most critical signal paths of the IC chip corresponds
to the four Drain Measure Force PADs of the IC DUT submatrices
(i.e., DMF_NL, DMF_NR, DMF_PL and DMF_PR). Thus, in the PCB
design, the 4 DMF connections have individual triaxial PCB connectors
to connect directly the SPA to one of the IC submatrices. Moreover, a
built-in guard has been included in the PCB design starting from each
DMF connection and ending at the corresponding IC chip socket pin to
prolong the guard of the triaxial cables to minimize voltage drop and
noise when biasing and measuring current during variability tests.

SMU 1 FORCE
DMF_NL DMF_PR

MOSARRAY

DMS
SMU 1 SENSE

DSF
SMU 3 FORCE

DSS
¥ SMU 3 SENSE

GM
' SMU 2 FORCE

GS
SMU 4 FORCE

GND DMF_NR DMF_PL
SMU 1 FORCE

Figure 3.12: Top view of the fabricated PCB for ENDURANCE IC test.

The remaining triaxial connections located at the right side of the PCB
(Figure 3.12, section C) named DMS, DSF, DSS, GM and GS do not have a
built-in guard either because the current is negligible (which happens with
the gate and sense lines) or because they are used for stress purposes where
the current is not measured in most of the test scenarios. These signals
are physically multiplexed along the four DUT matrices, so that only five
additional triaxial connectors are necessary.
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Gate and Drain standby pads are physically connected to the analog ground
or analog power supply voltage, i.e., N- or P-type transistors, respectively.
Finally, as it can be seen in the center of the PCB, a squared area surrounding
the IC socket has been left free of connectors and electronic components
because, it will be used to place the Thermonics silicone head adapter over the
IC chip, so that the temperature of the chip can be established and monitored.

The design of the described PCB implies that only one of the four IC DUT
matrices can be physically selected to conduct tests. As shown in Figure 3.12,
section C, a single triaxial connector has been provided for the DMS, DSF,
DSS GM and GS signal so they have to be multiplexed and, for this, a set
of 20 jumpers have been included in the PCB design to manually multiplex
those analog signals to select the DUT of the desired matrix of the chip.

Figure 3.13 shows the 20-jumper placement for the individual selection
of each matrix inside the ENDURANCE chip. To physically select one of
the four DUT matrices by means of the provided PCB jumpers, three pins
define if a chip PAD is short-circuited to the triaxial connector signal or if it
is biased with standby voltage, i.e., VSS for NMOS submatrices and VDDA
for the PMOS ones. To conduct a signal from the triaxial connector to the
IC PAD, a jumper must be placed between the central and the labelled A’
pins. On the contrary, if the chip PAD had to be biased with standby voltage,
a jumper should be connected between the central and the labelled ‘B’ pins.
Moreover, in order to avoid unwanted voltage drops at the non-selected DUT
matrices, a banana plug is used to bias with the required standby voltage the
DMF PADs during the measurements.

NMOS LEFT NMOS RIGHT PMOS LEFT PMOS RIGHT

J_DNS_NL j —A] J_DMS_NL La] J_DMS_NL 'AF
J_DNS_NA Jll J_DNS_N: \ J_DNS_NF T

JZDNS_PL B DS PL A B JZbMs_pL
J_DNS_pr J_DNS_pr ; |. J_BMS_pR

Figure 3.13: Example of the PCB jumper collocation for analog signals
multiplexing.
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3.3.2 1IC leakage current measurement

When studying MOSFET variability phenomena, two different types of ac-
celerated stress can be applied to the samples to reduce the total testing
time: the use of overvoltage biasing conditions and/or the application of
high temperature to the DUTs. An important consideration when dealing
with IC chips for device variability testing, is that the application of high
temperature not only affects the phenomena linked to the DUT itself, the
entire IC architecture can be also affected by temperature. In this regard,
any device or circuit placed between the DUT and the external measurement
source can alter the measured current and finally, convert the measurements
into unreliable data.

In order to avoid any measurement artefact due to temperature gradient
when measuring DUTs of the ENDURANCE IC, two current measurements
have been executed by means of a physical chip and the complete measurements
setup, to characterize current behaviour under fixed voltage measurements
and temperature stress application. Figure 3.14 shows two IC current charac-
terizations conducted under the same temperature stress pattern: first, the
drain current obtained from an nMOS transistor with dimensions: W = 1um
and L = 1lum (Figure 3.14 (a)) and second, the current captured without
connecting any DUT into the measurements path of the IC chip. This current
corresponds to the contribution of all sources of leakage current present in
the measurement channel of the ENDURANCE IC (Figure 3.14 (b)).

For both current characterizations, a constant voltage biasing of Vgg =
500mV and Vpg = 100mV has been set externally to the IC measurement
PADs, i.e., DMF, DMS and GM respectively. The voltage was kept constant
during both tests by means of the B1500 SPA while constantly capturing the
measurement channel current. The Thermonics precision temperature system
was used to apply externally to the IC chip a rising and falling temperature
waveform in a 5-step test process:

The temperature is kept at 25°C' for 1 minute.

The temperature is raised from 25°C to 110°C' by 30°C /minute.
The temperature of 110°C' is kept for 1 minute.

The temperature is lowered from 110°C' to 25°C' by a 30°C'/minute.

et W=

The temperature is kept at 25°C' for 1 minute.
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As shown in Figure 3.14 (a), the DUT drain current measured increases
as well as the temperature. Nevertheless, as the applied temperature reaches
~ 75°C, the DUT current starts decreasing instead of continuously rising as
expected as shown in Figure 3.14 (a) between 200s and 300s. The opposite
behaviour can be observed between 350s and 450s when lowering the temper-
ature from 110°C to 25°C. This drain current behaviour is understood by an
artifact produced by the leakage current present in the measurement channel
as demonstrated by the red trace shown in Figure 3.14 (b). The captured
leakage current corresponds to the contribution of all leakage sources present
in the IC which are enlarged and reduced during the application of positive
and negative temperature ramps.

- Leakage current

——DUT current o]
-0.5

-0.1

-0.2

-0.25
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200 300 400

Time (s)

-0.15 |

| i 0.3}
-0.35

L (b)

o]

100 200 300 400

Time (s)
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Figure 3.14: Characterization of the current present in the measurement
path of the chip under a temperature stress pattern (25°C-110°C-25°C). (a)
DUT drain current measurements of an nMOS transistor connected to the IC
measurement path and (b) measured current through the measurement path
without connecting any DUT to the IC measurement path.

To clarify the behaviour of the IC current during the tests conducted in
Figure 3.15 (a) and (b), shows the evolution of the current in both tests as a
function of the applied temperature. As shown in Figure 3.15 (a), when the
temperature reaches ~ 70°C' the leakage current achieves a value which forces
the DUT current to stop rising and start decreasing (green trace) because of
the negative value of the increasing leakage current (red trace). The sign of
the leakage current is negative because the current flow goes from the DMF
(cathode of the EDS diode) to the VSS (anode of the ESD diode) in the IC.
The opposite DUT current behaviour can be recognized when lowering the
temperature from 110°C' to 25°C because the DUT current increases and the
leakage current decreases. In order to achieve only the DUT drain current
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during the described test, Figure 3.15 (b) shows the DUT current were the
leakage current has been cancelled from the trace. Finally, the behaviour of
the DUT current rises as well as the IC temperature does and decreases in
the opposite situation.

1.7y (b) [==NMOS curront without eakage] |
0 1.6
02 £ % 14
c 103G 3 13
o/ I \/-04 1.2
V' |==DUT Current with Leakage =
113 | = L S O N, ¥, 1.1t i
20 30 40 50 60 70 80 90 100 110 0 100 200 300 400 500 600
Temperature (°C) Time (s)

Figure 3.15: In (a) behaviour of the DUT current with leakage together
with the pure leakage current under temperature stress and (b) shows the
on-transistor current characterization with full measurement channel leakage
current cancellation following the temperature sequence of 25°C - 110°C -
25°C.

As has been demonstrated, the leakage current present in the DUT cur-
rent measurements, by means of an IC for statistical device testing, is not
negligible and is also strongly dependent to the temperature conditions. In
this regard, any measurements conducted utilizing the ENDURANCE IC chip
is accompanied by an initial leakage current measurement before connecting
digitally the DUT to the measurement IC paths. Moreover, this leakage
current measurement will be further used to compensate all leakage sources
present in the measurement channel from the DUT measured current as shown
in Figure 3.7 (b).

3.4 TARS software: graphical user interfaces

With the aim of having full control of the described flexible setup for vari-
ability phenomena characterization, three individual user-friendly GUIs have
been designed to define massive I-V, RTN and BTI/HCI aging tests while
maintaining a perfect synchronization between the hardware and the TARS
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software. The main GUI, named "Test setup and monitoring GUI”, the
second GUI, named "Test File Generation GUI”, utilized for the automatic
generation of massive test plan files and, finally, the "data post-processing
GUI” intended for visualizing and processing measured data. Each one of the
GUIs is designed for a specific functionality purpose:

1) The test setup and monitoring GUI: this GUI, whose graphical design
is shown in Figure 3.16, corresponds to the main control GUI of the TARS
software that allows users to select and execute variability experiments by
means of a set of text boxes and drop down menus. The following options are
accessible to the users:

Folder Options  Test Options  Data post-processing

TARS
A toolbox for Statistical Modeling of Reliability in CMOS

CHIP NUMBER -
X onr
mse (G5 ez UJINB

ENDURANCE1 v -CNM \%, de Sevlla il N
i Universitul Autdnome
eszid s S Cama wupym s lias s Gl deBarcelona
VDDA PCB BIASING: 3.3 v
TEMPERATURE DEFINITION: UEST QPO
# of lines/ output txt: [ INFINITE v i [ Perform full data backup.
Enable the temperature definition :
i e oc Measure distribution
oC 10 120°
USER TESTFILE 8 7 Keep Temp. after test
SAMPLE_TEST.t«t ~

TEST MEASUREMENT FOLDER
RESULTS_FOLDER_FOR_SAMPLE_TEST

Qutput test log:

—= New output data folder created!; 12-Nov-2018 20:34:30 ~
-= "Timing experiment flow” text file correctly created, check the "Timing generation warning” output file for waming information:

12-Mov-2018 20:34:31

CJWGFMU B1530A RTN MEASUREMENTS
[JABORT TEST

COWGFMU B1530AID-VD V_DROP

Figure 3.16: The TARS main test setup and monitoring GUI

e Chip number selection: selection of the ENDURANCE IC chip number
inserted in the PCB socket.

e Analog voltage PCB biasing: selection of the VDDA voltage biasing;:
2.5V or 3.3V.
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e Temperature definition: PCB temperature control during test execution
with a range between 25°C' and 120°C'.

o User Test File: with this drop down menu, users can select any previously
created test plan stored in the selected chip master folder.

o Test measurement folder: definition of the test name. Together with
the entered name, the software concatenates the system date to make
each test name unrepeatable.

o Test options: test options enabled or disabled by the user before the
test execution, like the execution of the finished measurement backup
or the option to perform a full backup of all the stored measurements
of all ICs in the master folder.

¢ Output test log window: live window where every action executed by
the software during variability test is shown. As shown in Figure 3.16,
the first action executed by the TARS software corresponds to the
creation of the measurement folder and the automatic generation of
the elementary test instruction file before starting the selected ”SAM-
PLE_TEST.file”. Each line shown in the output test log window is
stored in the Measurement log file (see Figure 3.9).

In order to endow more versatility to the Test setup and monitoring GUI,
an upper ribbon with three drop down menus have been included in the design
to set additional test options as shown in Figure 3.17:

¢ Folder options: this menu allows to open the selected ENDURANCE
IC chip master folder where all the executed measurements for each
particular IC chip number are stored. It also allows to open the user
test plan files folder where all created test plans are stored.

o Test options: this drop down menu allows to launch the ”Test plan
generation” GUI, change the sampling rate of the measurement phases
for BTT/HCI aging and RTN phenomena tests, compute the extraction
of the Vino and peyy as will be explained in chapter 4 or execute the
creation of a new ENDURANCE test folder when a new chip is inserted
in the PCB for testing.

e DUT post processing: this GUI permits users to easily and quickly plot
any stored variability test. As shown in Figure 3.17, users can select
plotting option like I-V measurements, RTN or to process the results of
the concluded aging tests.
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: Test Opti Data post-process
Folder Options = Test Options est Options  Data post-processing

Launch Test File Generation Window
Open Measures folder

Change Test Measure Options

Compute Vth( and Mobility

New Endurance chip folder creation

Open User test files folder

Open Device Measurement Folder

Figure 3.17: Additional main GUI menus.

2) The test plan generation GUI shown in Figure 3.18: using a set of user-
friendly an intuitive text and check boxes, the users are able to select DUTs
or macrocells for testing, defining the variables of the available test to be
executed and generating, in a few milliseconds, a complete test plan file. The
available test options are: I-V measurements, i.e., Ips — Vgs or Ips — Vps,
RTN characterization, or the generation of BTI/HCI aging test plan files:

e [-V measurements: controlled by a check box, this section of the GUI
allows to include in the test plan the Ips — Vgs and/or Ips — Vps
curve characterization. As shown in Figure 3.18, users can activate one
of both curve characterizations and all parameters of the curves are
user-defined, e.g., the curve testing time, Vg and Vpg ranging voltages
or the number of Vzg steps when the Ipgs — Vpg curve characterization
is selected.

e RTN characterization: in this case only 3 variables should be introduced
in the text boxes if the RTN generation check box is selected: the RTIN
test time in seconds, the Vizs and the Vpg voltages. If more than one
RTN test must be executed with different test variables, those variables
have to be entered separated by commas as shown in the RTN section
in Figure 3.18, where 3 RTN tests have been defined.

o BTI/HCI aging test plan definition: allows the definition of the necessary
parameters to perform BTI/HCI tests like the number of SM cycles,
the K parameter (the exponential base for the increasing stress time
periods), the initial stress time and the fixed measurement phase time
and the required voltages applied during the stress and the measurement
phases of the aging test. The algorithm of the test plan generation
utilizes the novel ADPSPM technique developed in this thesis.

3) The Data Post-Processing GUI: allows an easily visualization of the
output results from any completed test. The GUI permits to select between
the different chip folders and measurement folders stored in the particular
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Figure 3.18: The Test File Generation GUI of the TARS software.

chip folder selected. For instance, Figure 3.19 shows a set of 784 Ipgs — Vs
curves extracted from an ENDURANCE IC chip NMOS right matrix. The
plotted Ipg — Vs curves corresponds to the 8 different transistor geometries
measured in the IC chip matrix.

To visualize the results of any selected test, one of the three options
can be activated: plotting the stored I-V measurements, plotting the RTN
traces obtained from an RTN test experiment and finally, starting the CMOS
Parameter Extraction option. The latter option initiates an algorithm that
obtains the degradation of the transistor’s parameters after the BTI and/or
HCI aging tests that can be later used to feed the stochastic aging models
like the PDO model [98].
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Figure 3.19: The Data Post-Processing GUI of the TARS software.

3.5 Conclusions

In the present chapter, a complete measurement framework for the char-
acterization of CMOS transistors with array-based ICs has been described.
Two main parts compose the described measurements setup: the software
part consisting in a full-custom user-friendly software, named TARS, and a
complete hardware laboratory instruments focused on achieving a trustworthy
MOSFET device variability characterization level.

The system has been used to characterize the 65-nm transistors of the
ENDURANCE IC, a novel IC design that permits the execution of TZV
and parallel stress TDV characterization, including HCI aging phenomena.
The measurement setup enables several tests: ramped voltages (Ips — Vas,
Ips — Vps), RTN measurements, and BTI and HCI aging evaluations. These
tests can be defined in a matter of seconds while thousands of commands are
automatically generated for instrumentation and chip control.

From the hardware design point of view, the main hardware block cor-
responds to the full-custom PCB utilized to insert the ENDURANCE IC
chip for the MOSFET device variability characterization. The PCB has been
carefully designed with different built-in guards to prolong the SPA triaxial
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cable guards to the IC chip pins in order to minimize leakage fluctuations that
can occur in the connection cables utilized for chip biasing and device current
measurements. Furthermore, a set of electromagnetic isolators have been
included in the PCB design, first, to isolate the grounds of the IC chip from
the PC ground to keep all digital signals noise-free and second, to perform
an accurate digital voltage shift of the 5V TTL DAQ output voltages to the
2.5V CMOS IC chip levels.

One of the main software goals presented in this chapter is the creation of
the novel ADPSPM technique. This aging characterization technique consists
in the automatic generation of BTI and HCI aging tests involving hundreds
of transistors where a significant test time reduction has been successfully
achieved thanks to the parallelization of the device stress phases maintaining
serial measurement phases. The ADPSPM algorithm has demonstrated a
significant aging test time improvement against other parallel testing technique
like the PSPM and the traditional serial device wafer testing.

The main engine of the TARS software automatically controls the execution
of the user-defined tests, generating intermediate full-custom files to execute
each required test action maintaining a perfect synchronization between all
laboratory instrumentations and the IC chip. To simplify the tedious task of
manually creating thousands of test lines when statistical device TZV and TDV
tests have to be executed, a set of 3 user-friendly GUIs have been designed
and described in the present chapter. The GUIs allow to automatically create
in a few seconds large test files by the users with all necessary variables to
execute any required variability test.

The described measurement setup in combination with the ENDURANCE
IC, empowered by the ADPSPM algorithm, allows the application of smart
stress parallelization techniques to an unlimited number of devices. The
ADPSPM testing technique smartly overlaps the stress phases of the aging
tests, reducing the measurement time from years to hours.
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CHAPTER 4

Expected MOSFET lifetime

prediction and parameters
extraction methodologies

In previous chapters, the need of new frameworks intended to execute
trustworthy statistical variability phenomena characterization in nanometric
transistors has been described for accurate aging degradation phenomena
test. The ENDURANCE IC chip and the full-custom TARS software have
been presented, both utilized to execute statistical MOSFET variability
characterization in very short times. In this scenario, the present chapter
will describe the achieved results based on statistical characterization of the
ENDURANCE chip samples where, in the first section, the reliability of the
tested samples will be studied in terms of expected lifetime prediction under
BTI/HCI TDV aging phenomena.

In the second section, three of the novel algorithms developed in the context
of this thesis during three different research internships conducted at IMSE-
CNM in Sevilla (Spain), at the Karlsruhe Institute Fiir Technology (KIT)
(Germany) and at IMEC research center in Leuven (Belgium) will be presented.
The algorithms are focused on the extraction of the transistor’s model card
parameters that can be used during device/circuit reliability simulations
together with a novel implementation approach of the PDO model utilizing
GPU-based computational resources. In the fourth and the fifth sections,
experimental results obtained from the characterization of an advanced 28-nm
array-based IC design and the description of a novel ultrafast characterization
algorithm, that can be used for testing devices in the micro/nano second time
scale, will be, respectively described.
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4.1 Lifetime prediction based on time-zero and
time-dependent statistical variability mea-
surements

When dealing with time-zero (TZV) and time-dependent (TDV) variability
phenomena, a significant number of devices must be characterized to obtain
trustworthy lifetime technology predictions due to the stochastic nature
of variability phenomena. In this sense, the present section will show, in
the first place, the statistical TZV obtained from the characterization of
the ENDURANCE IC chip samples. Later on in this section, transient
RTN phenomenon and BTI/HCI aging TDV phenomena will be statistically
characterized in order to account for the expected device lifetime prediction.

4.1.1 Time-zero variability measurements

As described in Chapter 1, Time-zero variability, consists of a constant,
either random or systematic, shift of intrinsic device parameters, such as
threshold voltage (Vi) or mobility (u). In this sense, Figure 4.1 (a) and (b)
shows the Ips—Vias characteristics of a total of 784 pMOS devices of a single
ENDURANCE IC, where the different current levels achieved by each of the
8 transistor geometries of the ENDURANCE chip are depicted.

As shown in Figure 4.1 (a), a large TZV can be observed from device-to-
device measurements, especially for the 80nm/60nm geometry (yellow traces
in Figure 4.1 (a) and (b)). Moreover, different current levels are observed, as
expected, for each tested geometry as depicted in Figure 4.1 (b).

MOSFET V4, and p parameters are two of the most utilized parame-
ters utilized as degradation metrics to describe device shifts behaviour [146].
Traditional MOSFET models, like the BSIM4 [147] rely on the accuracy
of the experimentally extracted transistor’s parameters. In this sense, the
commonly used parameters extraction methods are utilized with experimental
measurements of static MOSFET transfer characteristics utilizes 1st and 2nd
order extraction methodologies like, for instance, the constant current (CC)
method.
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Figure 4.1: 784 PMOS |Ips| — |Vgs| curves measured for the eight available
geometries in the ENDURANCE IC.

The CC method evaluates V;;, as the Vg value that corresponds to an
arbitrary constant Ipg level, with a low Vpg, e.g., < 100mV. The constant
Ipgs value should be scaled to the device width and length dimensions (W /L)
for a better accuracy. Nevertheless, the CC method is totally dependent on
the chosen Ipg value but, on the contrary, it’s widely used because of its
simplicity [148-150].

Prior to any device TDV test execution, a complete TZV analysis has
been executed to the devices of 15 ENDURANCE IC chip samples. In this
sense, Ips—Vag curve characteristics have been executed to the nMOS and
pMOS on-chip devices to obtain the non-degraded V;j, distributions by means
of the CC extraction methodology.

Figure 4.2 shows the empirical CDFs of the non-degraded V4, extracted
values of both nMOS in Figure 4.2 (a) and pMOS devices in Figure 4.2
(b) from the 80nm/60nm transistors geometry. From the CDFs shown in
Figure 4.2 (a) and (b), no correlation can be observed between the different
ENDURANCE chip samples and all chips shows a gaussian distribution of
the V;;, parameter as expected. For the nMOS case, a maximum V};, variation
between different chip samples is =~ 16mV of in terms of V;, (see inset of
Figure 4.2 (a)), while for the pMOS case the |V;3| total variation across the
15 chip samples correspond to = 23mV (see inset of Figure 4.2 (b)).
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Figure 4.2: Empirical CDFs of the V;;, parameter for the 80nm/60nm nMOS
in (a) and pMOS in (b) transistors of 15 ENDURANCE chip samples.

The CDFs shown in Figure 4.2 (a) and (b) reflects that all tested tran-
sistors are operational and the TZV from chip-to-chip has been accurately
characterized. Variability of intrinsic transistor parameters plays a special role
when dealing with diverse transistor areas. In this sense, Figure 4.3 depicts
the behaviour of the transistor’s < V;;, > as a function of the transistors area.
The Figure 4.3 displays, for each of the 15 IC chip samples, the < Vi >
for nMOS transistors, in red dashed lines, and pMOS transistors, in blue
dashed lines, together with a thick straight line that defines the < Vi, > of
all data for both transistor types. In Figure 4.3, two distinguished < Vi, >
tendencies for both nMOS and pMOS transistor types can be easily located.
In the first case, the < V}; > increases when the transistor’s length is fixed
to 60-nm and the width is increased from 80-nm to 1-pum. In the second case,
the transistor’s width is fixed to 1-pum while the length is varied from 60-nm
to 1-um, in this case the < V;; > decreases as shown in the figure.

As postulated by Pelgrom’s rule [2], MOSFET o(V;,) variability is in-
versely proportional to the square root of the transistor area. However, in
nowadays ultra-scaled area devices o(V;y,) mismatch does not always follow
this straightforward rule [151]. In this sense Figure 4.4, shows the typical
Pelgrom plot where the (V) is plotted against 1/v/W - L, where more than
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Figure 4.3: < V45, > plot as a function of the transistor area for nMOS and
pMOS transistors from 15 different ENDURANCE chip samples.

40.000 devices have been tested. A deviation from Pelgrom’s rule is depicted
in Figure 4.4 by breaking the o(V};) variability dependence in two different
regions as shown in the figure by a black dashed line: to the left, the length
of the devices is kept constant Loonst, while at the right side, the width of
the tested devices is kept constant Weoon s while the length is varied.

As shown in the Figure 4.4, individual linear fittings have been executed
for nMOS and pMOS statistical data, separately for LconsT and WeonsT
regions showing different Ay, parameters in both cases. These results show
that V4, variability associated to W and L transistor dimensions is affected
by defects position in the device channel and other sources of variability such
as RDF, LER or LWR. Thus, (V};,) can be decoupled to separately account
for the W and L dependences in ultra-scaled technologies [152-154].

Another important metric for circuit design and simulation is the possible
correlation between critical transistor parameters, like Vi, and p. In order
to account for the p of the tested devices, the Y-Function method has been
utilized. The Y-Function extraction methodology was originally developed
to avoid the dependence of the extracted Vi, value on p.yry degradation and
parasitic series resistance. The method proposes that the Ipg/,/gm behaves
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as a linear function of Vg bias, whose interception with the Vgg axis will
equal the Vi, and the slope of the linear fitting results in the p transistor
parameter [148].
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Figure 4.4: Experimental oV, for nMOS (diamonds) and pMOS (circles)
transistors as a function of 1//W - L. The lines correspond to linear fittings
showing different slopes when fixing constant width and length parameters.

The Pearson’s correlation between the non-degraded Vi, and p parameters
are shown in Figure 4.2 (a) and (b) for the smallest, (80nm/60nm = 1.33),
and the largest (1000nm/60nm = 16.66) shown in Figure 4.2 (c¢) and (d)
fabricated transistor for both nMOS and pMOS type MOSFETS. Correlation
results shown in Figure 4.5 (a) and (b) denotes weak negative correlation,
i.e., -0.273 and -0.122 respectively, between Vi, and p parameters for the
1.33 transistor ratio. Figures 4.5 (c¢) and (c), on the contrary, show a larger
correlation for the 16.6 transistor ratio, i.e., -0.390 and -0.521 respectively.
Finally, Table 4.1 summarizes the statistical TZV data compiled in the present
section from device characterization. Moreover, Table 4.1 collects the mean
(<>) and the standard deviation (o) including the total number of tested
transistors per geometry. The statistical TZV obtained for the analysis of
the 15 ENDURANCE chip samples will be utilized further in this section to
obtain the unique transistor degradation under TDV aging phenomena.
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Figure 4.5: Pearson correlation between non-degraded V;;, and p electrical
parameters for 80nm/60nm nMOS (a) and pMOS (b) and for 1000nm/60nm
nMOS in (c¢) and pMOS (d).

4.1.2 Random Telegraph Noise characterization

As introduced in Section 1.2.1 in Chapter 1, the subject of Random Telegraph
Noise (RTN) has become an important concern as a source of variability
in deeply scaled CMOS technologies. Significant performance degradation
and/or variations can occur in devices and circuits such as SRAMs, ring
oscillators or in RRAM, where its significance and impact are expected to
increase in newer technology nodes [155,156]. In this sense, a statistical
characterization of the RTN phenomena is required to understand the physics
behind it. To do so, hundreds of transistors must be characterized under
different biasing and temperature conditions to analyze its behaviour and
characterize the time constants associated to the charge and discharge of
device defects responsible for the RTN phenomenon.

Figure 4.6 illustrates an example of RTN phenomenon showing a set
of 10 different Ipg-t current traces of individual pMOS devices with W /L
= 80nm/60nm in a time window of 50s utilizing a sampling rate of 2ms.
As shown the Figure 4.6, different RTN signals with numerous Ipg levels
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and widely distributed emission and capture time constants can be observed
altering the Ipg trace under constant Vgg = 0.6V and Vpg = 0.1V biasing
over time.
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Figure 4.6: A set of 8 different Ipg signals characterized under constant
biasing conditions showing RTN phenomena behaviour. The red arrow marks
a trace with 6 Ipg levels while the green dashed box illustrates noisy RTN
signals.

As shown in Figure 4.6, the RTN signals of different devices display very
distinct features. For instance, devices may display a different number of
detectable RTN current levels, e.g., the blue signal shown in Figure 4.6 (pointed
out with a red arrow), shows six different Ipg levels. Also the amplitude
of the current jumps (Alpg) caused by different defects can have different
magnitudes, like for instance the Alpg amplitude difference between the
orange trace (Alps = 177nA) and the green trace (AIpg = 38nA) denoted
with black squares in Figure 4.6. Furthermore, the emission and capture time
constants of defects may expand across several decades [33], depending on the
particular device defects physics, like for instance, the orange trace in Figure
4.6 that shows fast RTN transitions while the purple RTN signal reveals much
slower transitions. This wide variety of RTN signals shown expose that the
extraction of the Ipg current levels and the Alpg values associated to the
RTN phenomenon can become a tedious and complicated task.

An RTN study has been executed to statistically observe the behaviour
of the defects present in a set of 500 devices with increasing Vg biasing
conditions [48]. For this test, five Vg voltages (i.e., 0.5V, 0.6, 0.7V, 1.0V and
1.2V) have been applied sequentially to each transistor from an ENDURANCE
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IC chip, keeping a fixed Vpg of 0.1V in all cases. Devices have been tested
serially by means of the TARS software (see Chapter 3) utilizing a measurement
time window of 50s resulting in a total test time of ~35h.

The objective of the described tests is to obtain the Alpg between two
Ipg levels caused by an RTN transition. To this aim, a three step process has
been executed for each of the 2,500 measured traces: first, the background
noise has been removed utilizing the Maximum Likelihood Estimation method
(MLE), developed in the IMSE-CNM (Sevilla) in the frame of the collaborative
project where this thesis is involved [157]. This method digitizes the Ipg
RTN traces removing the background noise and determining the number and
position of the Ipg levels present in the trace. The second step consists in
determining the Alpg values (associated to defects in the device) by means of
a full-custom algorithm that is executed in the core of the MLE methodology
based on the previously defined Ipg levels.

Figure 4.7 shows the empirical CDFs of the encountered Alpg for each
Vas/Vps biasing condition. As shown in Figure 4.7, the CDFs behaviour
indicates that, when the Vg is increased, the Alpg increase with a clear
positive shift. Nevertheless, for the Vigg voltages of 1.1V and 1.2V CDFs, the
CDFs are almost overlapped, meaning that changing Vg between 1.1V and
1.2V does not cause a significant variation in terms of Alpg.
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Figure 4.7: Empirical CDFs of the Alpg values located in a massive RTN
tests in transistors with W = 80nm and L = 60nm dimensions at five different
Vs measure voltages with a fixed Vpg of 100mV. Red arrows show the
tendency of the CDFs for increasing Vg voltage.
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As the core of this thesis is focused in device characterization and reliability
analysis under BTI and HCI aging phenomena, the results shown in this section
for the RTN analysis will not be used for the study of the lifetime prediction.

4.1.3 Bias Temperature Instability characterization

The present section will describe the statistical characterization of the BTI
aging phenomena to study reliability effects utilizing the AV}, degradation
metric. Performing statistical characterization utilizing over-than-nominal
operation voltages permits to deepen into the degradation effects at the
nominal operation voltage to predict, for instance, the expected lifetime of
the tested devices as a function of the non-functional devices for a certain
AVyy, degradation criterion. With the aim of significantly reducing the total
characterization time of accelerated statistical BTT tests, the eSM technique
has been utilized by means of the ADPSPM methodology (see Section 3.1
of Chapter 3). The tested DUTs utilized for all the BTI measurements
are 80nm/60nm SiON insulator transistors from different samples of the
ENDURANCE IC chip. The characterization procedure executed to each
transistor under BTT accelerated stress has consisted in four steps:

1) In the first place, before the execution of any accelerated degradation,
each device has been initially characterized by the execution of Ipgs — Vg
curve to obtain the non-degraded intrinsic DUT parameters to further compute
device shifts due to accelerated stress.

2) In second place, an accelerated BTI tests consisting in five stress-
measurement phases has been executed, repeated utilizing sets of non-degraded
devices for five Vs /Vpg stress biasing conditions as listed in Table 4.2: the
Vs = 1.2V the nominal operation voltage of the CORE transistors, and 1.5V,
2.0V and 2.5V over-than-nominal voltages maintaining Vpgs = 0V during
stress. Moreover, the stress times have been increased exponentially starting
with a stress time of 1s (i.e., 1s, 10s, 100s, 1,000s and 10,000s) and all recovery
phases have been characterized with a Vgg = 0.6V and a Vpg = 0.1V to
monitor de Ipg-t behaviour in a measurement window of 100s. In addition,
Table 4.2 lists the total number of tested transistors for both NBTI and PBTI
tests conducted at 25°C and 80°C for each stress condition together with
a test time comparison between the serial and ADPSPM characterisation
methodologies.
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In summary, the total amount of time required to characterize 4,268
transistors using serial device characterization, would last for approximately 1
year and 7 months of continuous characterization, resulting in a non-feasible
testing time. On the contrary, as shown in Table 4.2, thanks to the ADPSPM
methodology, the total test time required is reduced to only ~25 days. a
significant time reduction that allows massive device characterization.

Table 4.2: NBTI and PBTTI aging tests numbers description.

Vas;Vps stress conditions

Test | Temp | 1.2V; 0V [ 1.5V; 0V | 2.0V; 0V | 2.5V; 0V
NBTI | 25°C 500 400 400 400
NBTI | 80°C 196 396 396 396
PBTI | 25°C 100 100 100 100
PBTI | 80°C 196 196 196 196
Total devices 992 1092 1092 1092
Serial 133.3d 146.7d 146.7d 146.7d
ADPSPM 5.7d 6.4d 6.4d 6.4d

Negative Bias Temperature Instability

The NBTI aging phenomena characterization executed in pMOS transistors,
Figure 4.8 shows several experimental recovery traces captured after the stress
phase of an NBTT aging tests. As shown in Figure 4.8, the equivalent AVy,
shift of the characterized Ipg — t trace after each stress phase is shown by
means of the non-degraded Ips—Vgs curve characterization [60]. All the
presented recovery traces show discrete AV;;, discharges that can be visually
detected together with the presence of background noise and an important
contribution of RTN phenomena that exhibits some of the traces.

The addition of RTN during BTI recovery, demonstrates that BTI and
RTN are caused by the same kind of defects. Moreover, previous BTI stress
can create new RTN defects that can remain or disappear in a wide range
of timescales [57,158]. The presence of RTN can difficult the analysis of
the recovery traces masking the AV, BTI-related discharges due to the
contribution of different RTN amplitudes and time constants. Thus, Figure
4.9 (a) shows a zoom of the recovery traces of Figure 4.8 to evidence that the
presence of a wide variety of RTN signals can appear during BTI-recovery
measurements. Additionally, Two zooms are shown in Figure 4.9(b) and (c)
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with particular (7., 7.) time constants and AV, amplitudes. To overcome
this issue, an RTN removal methodology will be presented in Section 4.2.2 of
this chapter to erase RTN fluctuations for a precise BTI behaviour analysis.
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Figure 4.8: NBTI recovery traces showing discrete AV}, discharges mixed
with RTN noise in a logarithmic time scale.

Following with the data analysis, Figure 4.10 shows the < AV}, > degra-
dation behaviour as a function of the recovery time window after each ac-
cumulated stress time. The AV}, values recorded at 10 different recovery times
(i.e., t, = 2ms, 5ms, 10ms, 50ms, 100ms, 1s, 10s, 50s, 70s and 100s) have been
extracted from all recovery traces for each accumulated stress time (i.e., ts =
1s, 11s, 111, 1,111, 11,111s). Finally, the < AV;; > values are obtained from
all the recovery traces at each recovery time for each accumulated stress time.
As shown in Figure 4.10, the recovery behaviour during the measurement
window shows a clear < AV}, > decrease as the recovery time increases due
to the discharge of trapped defects during previous BTI stress. Moreover,
with increasing accumulated stress time, the < AV;, > degradation also
increases in all cases as expected. It is important to notice that at the end
of the measurement window, the < AV}, > does not recover completely, i.e.,
< AV, >= 0V, meaning that large recovery time can show larger < AV, >
recovery until the permanent BTI component appears (7. >>) measurement
window.

With the purpose of obtaining the expected lifetime prediction of the
tested devices under NBTI phenomena, the very first recovery point recorded
immediately after each BTI stress phase at a recovery time (¢, = 2ms) will be
utilized. For that purpose, Figure 4.11 shows the empirical CDF of the AV,

105



Chapter 4. Expected MOSFET lifetime prediction and parameters
extraction methodologies

25

20

AV, (mV)
o

N R
WP o9
B i,

i ﬁﬁﬂ rwrnr ey i F%WMMW
Lon L (c) 1
I I O VW VTS YT B O 1y W Oy W U W T T
6 8 10 12 14 16 18 20 22 24

(b) %107 (c)

AV, (mV)

ey oy AL mil] F‘ kil 19
MM ] 1t
JINS R R

Figure 4.9: Presence of RTN in NBTT recovery traces in (a), while (b) and (c)
show the tow zooms in the RTN signals with different amplitudes and 7, 7

time constants

vales at t = 2ms after each cumulative stress time for each stress voltage. It
is important to notice that for 1.2V and 1.5V (Figure 4.11(a) and (b)), which
not very high stress voltages, many negative AVy;, appear in
the CDFs. This behaviour occurs due the very low degradation obtained from
low stress voltages and short accumulated stress times like, for instance the
Vas = 1.2V after 1s or 10s of stress. In this case, almost the 30% of the CDFs

are considered
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To accurately evaluate the lifetime in terms of percentage (%) of non-
functional devices, the CDFs reported in Figure 4.11 are evaluated at different
% levels. In order to obtain the lifetime extrapolation at each evaluated CDF
%, the five AV}, values obtained are plotted in a log-log plot, where the
Y-axis corresponds to the log10(AVyy) in volts and the X-axis stands for the
accumulated stress time at each stress voltage in seconds. The next step
consists in executing an power law extrapolation using the five AV}, points
for each stress voltage. Figure 4.12(a) and (b) show two examples where the
five AVyy, degradation values plotted as a function of the accumulated stress
time for the 85% in (a) and the 99% in (b) of the CDF % levels. Moreover, a
black dashed line determines the location of the AV}, degradation criterion of
30mV used in this study as the device non-functional frontier shown in Figure
4.12 with red dashed lines while the AV;;, = 30mV are depicted with black
dashed lines.

To obtain the lifetime prediction at the AV}, degradation criterion, a power
law extrapolation utilizing the five AV}, values is executed for each stress
voltage at each evaluated CDF % level as shown in the two examples of Figure
4.12(a) and (b) as coloured straight lines. Then, the extrapolated lifetime
values are obtained, as the intersection between the power law extrapolation
with AV, degradation criterion. This intersection reveals the required stress
time to obtain a AVy, of 30mV for each CDF % and represents that all
devices below the CDF % are considered functional, i.e., because they have
not reached the AV};, degradation criterion, while the rest of the devices are
considered non-functional. In this sense, Figure 4.13 depicts the expected
lifetime extrapolation in seconds for the non-functional devices for each BTI
stress voltage at the temperature of 25°C.

Several observations can be extracted from the expected lifetime results
shown in Figure 4.13: first, due to the significantly low degradation achieved
for low stress voltages and/or low stress times, the last 40% of non-functional
devices, i.e., from 60% to 100%, cannot be used for the lifetime prediction
and thus, Figure 4.13 only shows up to the 60 % of the non-functional devices.
Second, the lifetime prediction shown for the NBTT stress of 1.2V and 1.5V
have been extrapolated utilizing the lifetime results from 2.0V and 2.5V
stress voltages because of the non-conclusive results achieved due to the low
degradation.

As shown in Figure 4.13, for high BTT stress voltages, i.e., Vgg = 2.5V,

the expected lifetime is significantly reduced where the 60% of devices are
considered non-functional before ~ 3 hours. Nevertheless, the expected
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Figure 4.12: Lifetime extrapolation procedure for a AV}, criterion of 30mV.

lifetime prediction at the 1.2V nominal operation condition reveals a greater
device functionally margin. In this sense, as indicated in Figure 4.13 by a red
and green dashed lines, at 1.2V the 8% of the tested devices will be considered
not functional in 1 year, while the ~ 28% of the devices will fail in 10 years
under solely NBTT aging phenomena at 25°C.

b VR T T iR iaEir i n: s R L
I e-. . _o--B-Te-y
< | 1or 6--o
————— R R - Lo o B o VAT SO
£ g|10VEARS 5 ! e X m X
iy Asnu e S SRR SRS deger s D L T I e
" ‘IYE.:;//:)EF_X___A-X——-K’IF
= I
> 6r I /JI’ 1
<1 fx,/ 1 1
/ I i
%J ¢,J I I
I 1 A ——
E 471 i [ RPNREE S g ¢
= 17 | Log-—%~
= 1 I Q.-r'"(}'l
3 4 i 6= , G- V=12V BTIT25
o I -7 1 =
g 2o ) T ovem )|
- 6,0’ | | Gs <
, | 8% | 28% - Voe=2.5V BTI T25
U 0 | I L 1 L L T
0 10 20 30 40 50 60

% of non-functional devices

Figure 4.13: Expected lifetime vs. the percentage of non-functional devices
for NBTT at 25°C.
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An important consideration when dealing with BTI degradation is its
dependence with temperature conditions. In this sense, and as listed in Table
4.2, a set of NBTI experiments have been executed at 80°C' to obtain the
expected lifetime under elevated temperature conditions. The temperature
of 80°C' is chosen because commercial products, e.g., commercial processors
and GPUs, work in a temperature range between 50°C and 100°C thus, the
experimental high temperature has been chosen inside the typical range of
commercial products. In order to evaluate the temperature effects of the
NBTT degradation the same analysis conducted at 25°C has been executed for
the NBTI measurements conducted at 80°C. In this sense, Figure 4.14 shows
an illustrative comparison of the < AV, > as a function of the accumulated
stress time at the recovery time of ¢,=2ms and ¢, = 100s of all tested devices
comparing NBTT at 25°C and 80°C for a stress voltage of Vs = 2.5V and
Vps = 0V.

60 T T T
—3.25°C tr =2ms <;\.Vm>TOTAL=21‘5mV
50 F ~{»-25°Ct, = 100s
-3-80°Ct =2ms )
= 40 F ~/¢-80°C t, =100s /9,-
M 30 + — -
£ -
= ,-""'@
<] T &=
v oot o [ Jret
T St I -E’-b— .f" T -
Q-7 g--=TT e e
10———=""""" R S a4
frormimimimimmm g-=m T £ <AV, > o = 12mY
0 1 Il 1 1
10° 10 10° 10° 10°

Accumulated stress time (s)

Figure 4.14: Comparison the < AV;, > at t, = 2ms and ¢, = 100s recovery
data samples after 25°C' and 80°C' NBTT stress voltage of Vgg = 2.5V and
Vps = 0V.

As shown in Figure 4.14, the AV}, values at t,. = 2ms after high tempera-
ture stress (red circles) are always higher than the ones at lower temperature
(blue squared) as expected. Moreover, a visual comparison of the total recov-
ery at each accumulated stress time for both temperatures is always higher
for 80°C (i.e., the gap between circles and stars in red) than for 25°C (i.e., the
difference between squares and diamonds in blue) in all cases. For instance, for
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the accumulated stress time of 11,1111s Figure 4.14 shows a total < AV, >
recovery achieved at 80°C of 21.5mV in contrast to the 12mV of total recovery
achieved at 25°C. These results demonstrate that as higher the stress/recovery
temperatures, higher degradation/recovery achieved is always higher when
compared with low temperatures. These two behaviours can be explained
because at higher temperatures, NBTT stress captures more defects than at
25°C and also creates new interface states that are charged as well. Moreover,
7. and 7. are also changed due to high temperature stress in agreement with
Section 1.3.1 in Chapter 1.

In terms of NBTT temperature degradation comparison, Figure 4.15 shows
the expected lifetime comparison between NBTI at 25°C' and 80°C' at the
nominal operation voltage of 1.2V. The results show that the expected lifetime
under 80°C drastically decreases at each shown % of non-functional devices.
For instance, if a conservative 20% of non-functional devices is imposed as a
design frontier, as shown in Figure 4.15 with a black dashed vertical line, at
25°C, the expected device lifetime is ~ 10 years. Nevertheless, at 80°C' the
lifetime is drastically reduced to =~ 21 days. On the other hand, if a wider
percentage is chosen, for instance a 60%, the expected lifetime increases for
25°C close to 100 years while for 80°C' gets close to 1 year. In this scenario,
the final application will impose the required percentage of non-functional
devices to estimate the lifetime of the devices in a particular technology as
well as the particular characterization conditions.
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Figure 4.15: Comparison between BTI degradation at 25°C and 80°C.
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Positive Bias Temperature Instability

As have been detailed in Table 4.2, statistical measurements have been
conducted in order to account for the expected lifetime prediction also for
PBTI aging phenomena. In this sense, Figure 4.16 (a) and (b) shows two
CDFs where the AV}, obtained at ¢, = 2ms after each stress time for the
stress voltages of Vgg = 2.5V in (a) at 25°C and 80°C' in (b). From the data
shown in both CDFs, two important observations can be extracted: first, the
AVy, values plotted in Figure 4.16 (a) shows that the stress of 1s produces
higher degradation than all the accumulated stress which is not expected.
On the contrary, in Figure 4.16 (b) the CDFs are sorted as the stress time
increases as expected. Nevertheless, what both figures have in common is the
very low degradation is achieved by the PBTI stress when compared with the
NBTI degradation as shown in Figure 4.11 (d) at 25°C' and Figure 4.14 at
80°C, respectively.

1 (a) Vg = 20V @ 25°C 1 (b) Vg = 25V @ 80°C
0.8 0.8
L, 06 0.6
a
O
0.4 0.4
0.2 0.2 t=1111s
—t_.=11111s
]

0 0
10 -5 0 5 10 15 20 -0 0 10 20 30 40
AV, (mV) AV, (mV)

Figure 4.16: PBTI CDFs of the first recovery point after each stress phase at
(a) PBTI with stress Vggs = 2.0V and (b) PBTT with stress Vg = 2.5V

A clear example of the low AV}, degradation achieved under PBTI stress
of Vs = 2.5V and Vpg = 0V is shown in Figure 4.17 for 25°C in (a) and 80°C
in (b). The < AV}, > degradation reveals very low degradation is achieved
when compared with the NBTT results (see Figure 4.10). The data obtained
from PBTI Figure 4.16 and Figure 4.17, clarifies that the degradation, in the
nMOS devices of the ENDURANCE IC, is not sufficiently relevant and will
not be used for the extraction of the expected lifetime prediction.
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(a) PBTI Vg =25V @ 25°C (b) PBTIV ,, =25V @ 80°C
1.5 5
———
1 4 ‘L“x‘\\\
S 05 R | e =
é 3 *ts =1,111s
A0 t,=111s
= 2 ——t = 11s
\",] 05 ——t =1s
1
1 N‘
15 0
10% 102 10" 10° 10" 10% 10° 102 10" 10% 10" 10?
Recovery time (s) Recovery time (s)

Figure 4.17: < AV}, > degradation as a function of the recovery time at
Vas = 2.5V for (a) 25°C' and 80°C after each accumulated stress.

4.1.4 Hot Carrier Injection characterization

As described in Chapter 1, HCI aging phenomena has become an important
source of device and circuit variability in nowadays advanced technology
nodes. In this sense, to study the effects of the HCI degradation, in both,
nMOS and pMOS devices, a statistical analysis will be conducted in this
section to obtain the expected lifetime prediction under different stress biasing
conditions to later compare HCI against BTI degradation at the nominal
operation voltages.

For the statistical characterization of the HCI aging effects, Table 4.3 lists
the number of tested nMOS and pMOS devices with W = 80nm and L=60nm.
During both nMOS and pMOS HCI experiments, the same eSM sequence
utilized for the BTT analysis has been utilized for the HCI tests. Moreover, the
RTN affectation at the recovery measurements is lower for the HCI case than
for the BTI. For ultra-scaled MOSFET transistors the worst-case accelerated
stress conditions occurs when Vgg = Vpg [78,159,160]. Thus, for the HCI
tests conducted in this section with Vggs = Vpg for 1.2V, 1.5V, 2.0V and
2.5V stress conditions for nMOS and pMOS MOSFETs as shown in Table 4.3
while all recovery phases have been executed utilizing Vg = 0.6V and Vpg
=0.1V.

For the HCI experiments described in Table 4.3, the total DUT number
together with a time comparison between serial and the novel ADPSPM
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Table 4.3: Number of devices utilized in for the HCI experiments.

Vas, Vbs
Test 1.2V, 1.2V [ 1.5V, 1.5V | 2.0V, 2.0V | 2.5V, 2.5V
HCI NMOS 50 250 200 210
HCI PBTI 498 392 150 400
Total devices 548 642 350 610
Serial 67.8d 57.05d 23.66d 62.42
ADPSPM 3.114d 3.426d 1.794d 3.107d

characterization technique are listed. For the four stress voltage conditions
used for HCI testing, a total of 2,150 transistors have been characterized
requiring only 11.4 days of testing. On the contrary, if conventional serial
device characterization would have been used, the required laboratory test
time would have lasted for approximately 7 months of continuous laboratory
characterization.

As described for the BTI aging phenomena study, the same procedure has
been utilized to statistically obtain the HCI expected lifetime as a function of
the % of non-functional devices. In this sense, Figure 4.18 shows the CDFs of
AVyy, values obtained immediately after each accumulated stress time for the
four Vgs = Vpg stress conditions. A clear difference between the HCI and
BTI CDFs can be observed: the AV}; degradation experienced by the tested
devices is higher for the HCI case, shown in Figure 4.18, than the results
shown for NBTT in Figure 4.11.

Figure 4.19 shows the < AV}, > as a function of the recovery time under
HCI stress voltage of |Vpg| = |Vas| = 2.5V for nMOS devices in Figure (a)
and for pMOS devices in Figure (b). As shown in both figures, during the
recovery window of 100s, the < AV}, > degradation suffered by the nMOS
devices in (a) behaves as a permanent damage. On the contrary, the HCI
stress applied to the pMOS transistors in (b) shows a small < AV}, > recovery
trend after a ~100ms time for 1s, 11s and 111s of HCI stress. Nevertheless,
the small < AV}, > recovery observed practically disappears after the 1,111s
and 11,111s of accumulated stress and the damage in nMOS devices is higher
than in pMOS.

What is also interesting to observe from the experimental results of Figure
4.19, is that for the HCI stress in pMOS devices, the entire AV}, damage
after 1s, 11s and 111s of stress is higher than the AV}, produced in the nMOS
ones for the same accumulated stress time. However, the overall damage
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after 1,111s and 11,111s of stress is higher at the nMOS transistors than in
the pMOS ones, in agreement with the HCI literature [78]. With the results
shown so far for HCI degradation, Figure 4.20 depicts the expected lifetime
prediction for the HCI phenomena for the nMOS devices in (a) and for the
pMOS devices in (b) as a function of the percentage of non-functional devices
at the temperature of 25°C.

(a) HCI nMOS (b Hel pMos |75
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Figure 4.19: < AV, > vs. recovery time for the HCI aging results at the
stress voltage of Vgs = Vpg = 2.5V for nMOS transistors in (a) and pMOS
transistors in (b).

Due to noise and non-conclusive results obtained at the HCI stress voltage
of Vas = Vps = 1.2V, the lifetime prediction shown in both nMOS and
pMOS graphs in Figure 4.20 have been extrapolated utilizing the results
obtained from the Vgg = 1.5V, 2.0V and 2.5V and Vpg = 0V stress conditions.
Moreover, as a consequence of the negative values of AV, extracted from
both nMOS and pMOS HCI tests (see the pMOS CDFs shown in Figure
4.18), the percentage of non-functional devices is shown up to the 85% for the
nMOS case and up to the 75% in the pMOS case, as can be seen in Figure
4.20(a) and (b) respectively.

The expected lifetime shown in Figure 4.20 reveals that the damage suffered
by the tested 80nm/60nm devices is slightly more severe under HCI in nMOS
than in pMOS transistors. This degradation behaviour is in agreement with
the TZV results shown in Figure 4.5 (a) and (b) in Section 4.1.1 where, the
mobility of many pMOS devices is equal or higher than the nMOS ones. For
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instance, at the operation voltage of 1.2V the expected lifetime for nMOS
and pMOS devices show approximately the same expected lifetime (around =
300 hours). None of the reported lifetime results at 1.2V reaches the lifetime
expectation of 1 year for the defined degradation criterion of AV, = 30mV.
In the following section, a comparison between the analyzed BTI and HCI
will be shown.
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Figure 4.20: Expected lifetime vs. the % of non-functional devices for HCI
stress at 25°C for nMOS transistors in (a) and pMOS transistors in (b).

4.1.5 TDV lifetime comparison

During accelerated device stress under BTI and HCI phenomena, degradation
mechanisms rapidly degrade reliability of the tested devices. In this sense,
Figure 4.21 depicts a comparison between NBTI, HCI in nMOS and pMOS
< AVy, > degradation as a function of the accumulated stress from 1s up to
11,111s. The first observation that can be extracted from Figure 4.21 is that
increasing the stress time increases the < AV}, > shift for the three studied
phenomena showing that the HCI damage aggravates the degradation more
than BTT.

For the NBTI case, the absolute recovery between the first (¢, = 2ms)
and last (¢, = 100s) values of recovery remains constant even though the
accumulated stress time increases (see Figure 4.14). On the contrary, the HCI
aging reveals two different behaviours: for the nMOS devices a significantly
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low recovery is observed because no gap exists between the ¢, = 2ms and ¢,
= 100s recovery values (i.e., difference between red squares and diamonds in
Figure 4.21). On the contrary, in the pMOS HCI case a decreasing |AVy,|
recovery can be observed while increasing the accumulated stress time (i.e.,
difference between blue circles and stars). Moreover, the HCI damage in
pMOS devices is higher than for the nMOS ones before the accumulated
stress time of 111s as not expected. But this trend changes between 111s and
1,111s accumulated stress where the damage suffered by the nMOS transistors
becomes more severe than the pMOS transistors as expected. It is also
interesting to observe how the degradation imposed by HCI aging (i.e., blue
and red dashed lines) is significantly larger than the BTT (i.e., green dashed
lines) case for long accumulated stress times.
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Figure 4.21: < AV, > degradation behaviour between ¢, = 2ms and ¢,
= 100s recovery data values during 100s of recovery window for NBTI and
HCI phenomena as a function of the accumulated stress time. All aging
experiments have been conducted utilizing Vog = 2.5V and Vpg = 0V stress
and Vgg = 0.6V and Vpg = 0.1V recovery biasing conditions.

At this point, and with the statistical results presented so far for BTI
and HCI aging phenomena, Figure 4.22 shows a comparative graph where
the expected lifetime prediction is presented. Moreover, the figure includes
dashed lines that determine 1, 10 and 100 years of lifetime frontier. The traces
presented in Figure 4.22, reveal that the less harmful degradation phenomena
correspond to the NBTT at 25°C, in this case defining a conservative barrier
of non-functional devices percentage equal to 20% (marked in Figure 4.22
with a vertical red dashed line), the expected lifetime prediction of almost
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10 years is obtained. Nevertheless, the expected lifetime results for NBTI
at 80°C and HCI for nMOS and pMOS at 25°C, show a very low expected
lifetime prediction of less than 25 days.
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Figure 4.22: Comparison graph of the expected lifetime prediction as a
function of the % of non-functional devices between NBTT at 25°C and 80°C
and HCI for nMOS and pMOS devices. PBTI degradation is not present in
this comparative graph due its significantly low achieved degradation.

The results presented in this section can be utilized to apply design guard
bands during the analog or digital design state to increase the expected
lifetime of the fabricated devices and circuits. Moreover, depending on the
specific application or circuit to be designed, all measurements and accelerated
stress strategies can be modified to accommodate and reproduce more reliable
results for the final circuit functionality to obtain more accurate lifetime
predictions based on particular circuits.

4.2 Extraction of MOSFET parameters for cir-
cuit reliability simulation

During BTI/HCI device aging testing, a precise Ips — t to AV}, conversion
is required to accurately monitor the degradation after the application of
electrical stress. Device parameter drifts must be extracted from the measured
data, for which first/second-order transistor parameters extraction methods
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can be found in the literature [149, 161]. However, the accuracy of these
methods is usually object of controversy. Moreover, these methods are not
focused on the transistor compact models (e.g., the BSIM4 MOSFET model)
that are eventually used for circuit simulations [162,163].

From a circuit design point of view, the device aging-induced degradation
should be mapped into those transistor model parameters to accurately
reproduce the experimentally measured loss of reliability. In this sense,
the present section will describe the parameters extraction methodologies
developed in this thesis for an accurate transistor reliability analysis. Parts
of these section have been already published in [164-167].

4.2.1 A model parameter extraction methodology in-
cluding time-dependent variability

Accurate extraction of transistor parameters affected by accelerated TDV
tests, like threshold voltage (V) or mobility (1), has become a key step when
using electrical transistor parameters from laboratory measurements, such
as Ips—Vgs or Ipg—t for its further utilization in circuit simulations. In this
scenario, the present section, will describe two novel methodologies intended
for the extraction of VTHO and U0 BSIM4 model card parameters and a
methodology to convert Ips—t measurement traces from BTI/HCI aging tests
in to the equivalent AVT HO-t model card parameter.

To do so, the Mean Squared Error (MSE) metric will be utilized to compare
experimental measurements with a set of HSPICE simulated Ipgs—Vgs traces.
In this scenario, depending on the type of data to be analyzed (i.e., Ips—Vas
or Ipg—t curves) this section present the two different methodologies:

1. The VTHO-UO-BSIM extraction method, is utilized to obtain VTHO
(threshold voltage of the short channel device at zero substrate bias) and
U0 (low-field mobility) BSIM4 model card parameters from experimental
Ips—Vgs curves measured on both fresh and aged devices.

2. The accurate Ipg-t - to - AVTHO conversion method is utilized to
evaluate the shift of VTHO BSIM parameter after the application of ac-
celerated stress from experimental Ipg—t traces. The method translates
the measured Ipg—t into the equivalent AVTHO, including BTI/HCI
aging-related and RTN phenomena on the AVTHO compact model
parameter.

120



4.2, Extraction of MOSFET parameters for circuit reliability simulation

In order to visually verify the accuracy of BSIM 4 model card parameters
extraction methodology, Figure 4.23 (a) and (b) shows an example of the
best match achieved between an experimental Ips—Vgg curve of a pMOS
MOSFET transistor with W=80-nm/L=60-nm and the HSPICE simulated
Ips-Vgs curve in blue with the lowest MSE. As clearly shown in the Figure,
the obtained Ips—Vas HSPICE simulated curve with the minimum MSE
perfectly matches with the experimental curve since the simulated and the
experimental curves are overlapped.
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Figure 4.23: Matching between an experimental Ipg — Vigg curve in blue and
the HSPICE simulated Ipg — Vgg curve in red with the lower MSE between
100,000 simulations with VTHO/UOQ uniformly distributed pairs.

To quantitatively account for the MSE of a large set of experimentally
measured Ipgs—Vgs curves, Figure 4.24 shows the MSE between simulated
and experimental curves. Slightly high MSE can be found in the histogram
of Figure 4.24 due to the contribution of noise for low Vg voltage biasing, as
well as, the presence of RTN present in some the traces.

NBTI and HCI tests has been conducted at room temperature on 1,200
pMOS and 600 nMOS transistors (both with W/L=80nm/60nm), respectively.
To evaluate the transistor parameter extraction and the Ipg—t - to - AVTHO
conversion methodologies. In this sense, 4 BTT tests (each one involving
300 CMOS transistors) and 6 HCI tests (each one involving 100 transistors)
have been carried using the ADPSPM technique (see Section 3.1 of Chapter
3), with a 6-cycle eSM scheme. During the measurement phases, the Ipg—t
curves are registered at Vgg ~ Vi, and Vpg = 100mV during 100s followed
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Figure 4.24: Histograms of the MSE obtained between 1,050 experimental
Ips — Vgg curves and the simulated HSPICE curves with minimum MSE.

by an Ipgs—Vgs curve for further analysis of the transistor parameters shifts.
By means of the ADPDPM technique executed by the TARS software, the
total aging test time required to test 1800 devices with 6-SM cycles, has been
reduced from 6.37 years of continuous serial testing to only ~12.5 days. The
two proposed methodologies are detailed below:

A) The VTHO0-U0-BSIM methodology for model card parame-
ters extraction: this extraction method consists in finding the best match,
i.e., minimum Mean Squared Error (MSE), between the Ips-Vgs experi-
mental curve and a set of 100,000 HSPICE simulated Ips—Vgg curves. The
VTHO0/UOQ sample pairs were selected with the foundry provided TZV BSIM
v4 compact model fully covering fresh and degraded Ipgs — Vs scenarios at
25°C'. At this point, to obtain the model card parameters of the experimental
curves, the best matching curve between the experimental and a HSPICE
simulated curve that gives the minimum MSE is selected, and the VTHO and
U0 parameters are extracted from the HSPICE simulation parameters. The
obtained model card parameters can be later included in the circuit simulator
to observe the impact of degradation on the circuit performances.

With all the statistical VTHO and U0 extracted model card parameters, a
study of the BSIM parameters correlations is shown in Figure 4.25. Figures
(a) and (b) show correlations between the AUQ and AVTHO after 1s in (a)
and after 1.000s in (b) of HCI stress. High uncorrelated degradation can be
found between AVTHO and AUO for the largest stress voltages. Correlation
between AVTHO and AUO can be seen when the stress voltages applied are
kept below the maximum operation technology voltages.
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Figure 4.25: AUO as a function of AVTHO obtained from the Ips — Vgg
experimental curves after 1s (a) and 1000s (b) of HCI stress.

In Figure 4.26 (a) and (b) the correlation between AUO and AVTHO after
BTT and HCI aging tests are shown, respectively. Figure 4.26 (a) shows a
significant correlation between AUO and AVT HO parameters after 1s of BTI
stress can be found but, as the stress time increases the correlation drastically
decreases. Figure 4.26(b) shows a high correlation between AU0 and AVT HO
after HCI stress if Vgg and Vpg voltages are kept below 1.5V but for Vpg <
1.5Vs the correlation decreases.
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Figure 4.26: Pearson correlations between AU0O and AVTHO computed from
the experimental Ipg — Vg curves obtained for (a) 300 (80nm/60nm) pMOS
devices under BTT stress and (b) 100 (80nm/60nm) nMOS devices under HCI
stress were considered for each one of the stress conditions shown.
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For the comparison between the Y-Function and the BSIM parameter
extraction methods, a straightforward simulation of an analog amplifier is
carried out and the results are shown in Figure 4.27, by replacing the foundry
provided VTHO and UO parameters of its transistors by those obtained on
the degraded ones using the VITHO-U0-BSIM parameter extraction method.
The results obtained from both simulations demonstrate that the use of the
parameters provided by the Y-Function extraction method, compared to
the proposed method, may result, for instance, into false-positive end-of-life
predictions [168]. Using a 10kHz cut-off frequency (fc-3dB) as lifetime metric
(i.e., the amplifier is considered non-functional for a fc-3dB below 10kHz),
after a HCI stress of 1.000s at Vpg = 2.0V, Vg = 2.4V, with the parameters
obtained with the proposed method fc-3dB = 48.9kHz, while when obtained
with the Y-Function method a circuit malfunction results with a fc-3dB =
2.5kHz, a wrong prediction of the amplifier lifetime.
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Figure 4.27: (a) Simulation results of the gain of a common source analog
amplifier (b), using VTHO/UO model card parameters of fresh and HCI-
degraded devices extracted with the proposed method and the Y-Function
method. The Y-Function method extracted parameters that resulted in an
underestimation of 2 orders of magnitude of the real cut-off frequency before
and after the HCI test compared with the proposed parameter extraction
method.

B) The Ips-t - to - AVTHO conversion methodology: this method
allows studying the mean deviations of the VITHO and UO parameters of
BTT and HCI stress. By means of the generated HSPICE 100,000 Ips—Vas
curves, the Ipg-t curve, registered during the measurement phase (Vpg =
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Vas = 1.2V), is converted into the equivalent AVTHO0-t trace, assuming
that the possible degradation of UQ parameter (if exists) does not significantly
influence the AVT HO change [169]. The new Ipg—t - to - AVTH0 conversion
methodology, results in a AVTHO-t trace shifts due to BTI- and/or RTN-
like behaviour in terms of model card parameters variations in a three-step
process:

1. Calculation of VTHO and U0 from post-stress Ips—Vgs curves: the
algorithm extracts the VTHO and the U0 non-degraded parameters from
the experimental Ipg—Vgs curve registered after the i-th eSM cycle.

2. Selection of suitable simulated Ipg—Vgg curves: the algorithm discards
those HSPICE simulated Ips—Vgg curves with different U0 parameter
from the one obtained from step 1. When doing this, it is assumed that
the change of Ipg is mostly related to changes in VIT'HO. The method
also discards those Ips—Vgs curves with a lower U0 value than that
obtained from the Ips—Vgs curve measured in the (i-1)-th cycle because
it is assumed that the U0 parameter does not recover significantly.

3. Ipgs—t conversion to AVTHO-t: to obtain the equivalent AVTHO-t
trace, the algorithm searches in the remaining set of simulated Ips—Vas
curves the minimum Ipg difference at the Vg and Vpg voltages applied
during the measurement phase for each Ipg—t sample. Then, the
AVTHO is obtained from the difference of the non-stressed VITHO and
the one obtained for each Ipg—t data sample.

To evaluate the proposed Ipg—t - to - AVT HO conversion methodology, 6
different Ipgs—t curves after 1000s of BTT stress are shown in Figure 4.28 (a),
and their resulting AVT HO waveforms are shown in Figure 4.28 (b). Figure
4.28 (a) reveals rising current jumps, i.e., interface trap detrapping, in the
Ipgs—t curves, which are observed as falling AVTHO jumps in Figure 4.28
(b). Background noise and RTN are also mapped in the AVT HO-t trace.

From the analysis of the statistical data obtained from the ENDURANCE
chip by means of the TARS software and the utilization of the ADPSPM
technique, the accurate VITHO-UO-BSIM extraction methodologies presented
in this chapter have been used to capture the aging-induced degradation in
the VTHO and U0 BSIM4 model card parameters. Moreover, a novel Ipg—t -
to - AVTHO conversion method that can be useful for circuit designers to
improve lifetime prediction and reliability-aware circuit design. In the next
section a methodology to remove the presence of the RTN phenomena will be
presented to avoid RTN-masking issues when localizing AV;;, discharges in
BTT and HCI aging recovery traces.
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Figure 4.28: Conversion of the Ipg — t curves to AVTHO — ¢t measured
on 6 pMOS devices after BTI stress. (a) Current traces after stress with
Vas = 2.5V and Vpg = 0V. The figure shows the Alpg current with current
increments mixed with background noise and RTN phenomena. (b) Equivalent
AVTHO — t waveforms obtained using the proposed Alps—to—AVTHO
conversion method.

4.2.2 A smart noise- and RTN-removal methodology for
transistor parameter extraction

With nowadays technology scaling trend imposed to advanced technology
nodes, accurate characterization time-dependent variability effects related
to the trapping/detrapping in/from device defects, like for instance RTN,
BTI and HCI, have re-emerged as a serios reliability thread in the IC design.
Moreover, simulation and implementation of reliability-aware techniques under
TDV, have become a key step in today’s nanometric technologies design and
simulation phases [170]. In order to do so, appropriate TDV compact models,
like the Probabilistic Defect Occupancy (PDO) model [98], are essential tools
utilized to account for and clearly distinguish the BTI-related ’slow’ defect
discharges, from the RTN-related 'fast’ defects switching behaviour, which is
in fact a not straightforward procedure.

In this scenario, this section describes a novel and smart methodology of

transistor defect parameters characterization utilized to remove the presence of
RTN and background noise from BTI or HCI aging measurements traces after
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the application of accelerated stress. The methodology, evaluates the emission
7. and the induced threshold voltage fluctuation (n) of solely individual
BTI-related slow defect discharges, found during the measurement of BTT
degradation after stress. The proposed methodology follows the flow diagram
shown in Figure 4.29 to accurately extract the defect discharges parameters
described hereinafter:
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LOAD TEST DATA

END
METHOD
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| 1) lps-t conversion to AV, -t |

RECOVERY v
SCLES ‘ 2) AVy,-t trace levels identification
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‘ 3) Background noise removal |
v

| 4) RTN-related defects removal

Figure 4.29: Diagram flow for the extraction method of 7, 7.

Description of the method: the proposed defect parameters extraction
methodology utilizing as input data massively characterized BTI/HCI aging
related measurement traces. In this particular case, this chapter will focus in
accelerated BTI tests carried out by means of the ADPSPM method based on
the execution of the eSM technique. For each device involved in a BTT aging
test, the method treats each BTI recovery trace individually. First, the Ipg-t
recovery trace recorded after the stress is converted into the equivalent AVyy-t
trace. Second, by means of the WTLP method [112,155] (see Section 1.4.2 in
Chapter 1), all AV}, levels of the AVy,—t trace are obtained extracted from
the trace. Figure 4.30 (a), shows an example of a BTI recovery trace plotted in
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terms of AVy,-t, where significant contributions of background noise and RTN
can be easily observed in the inset in Figure 4.30 (a) and a particular trace
zoom between t=20s and t=45s in Figure 4.30 (b), respectively. Finally the
RTN and the background noise are removed from the trace to only account for
the aging-related behaviour. The described m 5-step procedure is described
in detail in the following:
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Figure 4.30: (a) Example of a AV}, trace constructed from the measured Ipg
recovery data. In (b) a zoom-in of (a) showing the combination of two fast
defects and background noise on top of a AV}, level.

1) Ips-t to AVy,-t conversion: for each tested device, the Ipg-t recov-
ery traces are converted into the equivalent AVj,-t trace by means of the
non-degraded Ips — Vgg curve characteristic [60]. For instance, as shown
in the equivalent AVj,-t trace of Figure 4.30 (a), three charge emissions
(denoted with green arrows) occur during the recovery time. Figure 4.30 (b)
shows a zoom in the recovery trace of (a) that reveals fast capture/emission
transitions, switching between 4 different AV}, levels (i.e., L0 to L3), the
joint contribution of two individual RTN signals, and mixed with background
noise: one switching between AV;y, levels LO-L1 and the other one switching
between L1-L3 and between L0-L2.

2) Identification of AV;,-t trace levels: the next step consists in the

application of the WTLP method to each recovery trace to identify the number
and magnitude of the AV}, levels present in the trace. For instance, Figure
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4.31 (a) shows the WTLP resulting from the analysis of trace 1 in Figure
4.30 (a). Analyzing the diagonal of the WTLP, four groups of populated data
regions, separated in the figure by green dashed arrows, can be distinguished.
Each one of the data groups corresponds to a different AV, level present in
the recovery trace that can be easily related with the different levels (RTN-
and BTI-like transitions) present in Figure 4.31 (b) highlighted with red
arrows.

3 6 L7 o 3 (b)
E 30 |_4 |_5 ’!ﬂ? &7 L8L9 % 30 >k
T 25 jui = = 25
;‘- 20 /.—’ . 3; 20
K 15 15
20 25 30 35

102 10" 10° 10" 102
AVy, () (mV) Time (s)

Figure 4.31: (a) WTLP resulting from the analysis of Trace #1 in Figure
4.30(a). (b) Corresponding AV}, level in the recovery trace for each red-colored
zone in the WTLP in (a).

Transitions from one data group to the next one are considered as BTI-
related defect emissions at a specific 7. and the difference between two AVy,
levels correspond to the 1 of the discharged defect. Fast RTN transitions on
top of each AV}, level can also be clearly distinguished, as red-coloured regions
in the diagonal (i.e., in the AV}, levels L0 to L9) from the less populated
regions located perpendicularly to the diagonal (i.e., AV}, level transitions).
Moreover, each AV}, level of the WTLP is associated with each AV}, level
present in the recovery trace as shown in Figure 4.31 (b) with red arrows.

To clearly distinguish the AV}, values associated to the RTN transitions
detected in Figure 4.30 (b), a zoom-in of the WTLP (red square in Figure 4.31
(a)) is shown in Figure 4.32. The zoom clearly shows the 4 red regions across
the diagonal, which correspond to the four different AVyy, levels (i.e., L0, L1, L2
and L3). The blue regions out of the diagonal indicate the transitions between
levels (e.g., L1 to L3). For instance, at ¢t = 25s the signal switches between
levels L1 and L3, and later, at ¢ ~ 30s the signal switches between L0 and
L2. These levels result from the joint combination of the two individual RTN
signals. The results in Figure 4.32 clearly demonstrate that the application of
the WTLP to the AV}, recovery trace allows an accurate location of all AVy,
levels while distinguishing between RTN and BTI contributions.

129



Chapter 4. Expected MOSFET lifetime prediction and parameters
extraction methodologies

3) Background noise removal: once the AV, levels have been identi-
fied with the WTLP, the method procedure assigns the closest AVy, level to
each sample in the AVj,-t trace. This step quantizes the AVy, trace, removing
the background noise and keeping only AV;, levels associated to RTN and
BTI. For instance, Figure 4.33 (a)-(c) displays three AV}, traces (in blue),
showing high AV}, degradation due to stress, together with the AV}, trace
reconstruction (in red) without background noise. During recovery, different
AV, levels can be observed because of defect emissions mixed with RTN
phenomena, as shown in detail in the zoom-in plots in Figure 4.33 (b) and
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Figure 4.32: Zoom-in of the WTLP in Figure 4.31(a) showing, for the two
RTN signals in Figure 4.30(b), the AV;;, levels in the diagonal of the WTLP
and the corresponding transitions between AVy, levels outside the diagonal.

4) Removal of RTN-related transients: in order to distinguish be-
tween RTN and BTI contributions, a Transition Matrix (TM), a square matrix
that stores the transitions between different AV, levels in the recovery trace,
is defined. The dimension of the TM is the total number of AV}, levels found
(ten level in this example), where each AV}, level is denoted as LN where N
accounts for the number of levels (e.g., N goes from 0 to 9 in the example).
The rows of the TM are defined as the initial AV}, levels (i.e., i-th AV,
level), while the columns are defined as the final ones (i.e., (i+1)-th AV}
level). During the AV}, trace analysis, three different AV, level transitions
can be distinguished:

1. Case (i): No change of the AV}, level. The AV}, level of the i-th data
sample equals the (i4+1)-th AV, level.

2. Case (ii): Defect charging. The (i4+1)-th AV}, level is larger than the
i-th AV}, level. For instance, samples switching from level L1 to L3.
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3. Case (iii): Defect discharging. The (i-th)+1 AV}, level is smaller than
the i-th AV}, level. For instance, switching from level L3 to L1.

To construct the TM, the AV}, recovery trace is swept by its (ii, ii+1)
elements and the transition location counter of the TM initial-final AV,
level is incremented when needed. Case-(i) transitions will lay in the main
diagonal of the TM while case-(ii) and case-(iii) transitions will be located
above and below the TM main diagonal, respectively. For instance, in Trace 1
of Figure 4.33 (a) ten AV}, levels have been detected and the resulting 10x10
TM is formed with all AV}, transitions identified. In order to remove fast
RTN transitions from the traces, the method analyzes the data in the TM
distinguishing the following two cases:

BTI/HCI emission recognition: this type of defect emissions are
characterized by a unique defect discharge to a lower AV, level. In the
TM, this appears as a ’1’ in the corresponding element below the TM main
diagonal, and a ’0’ in the TM symmetric position. Analyzing the TM in
Figure 4.34 (a), three different emissions, without any further capture, can be
found marked with blue circles: from initial to final AV}, levels L4-L3, L6-L4
and L8-L7.
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Figure 4.33: (a) Recovery traces (blue) with the reconstructed trace without
noise (red). (b), (¢) Zoom-in of the traces showing RTN (in blue) and the
trace reconstruction without background noise (in red).
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Figure 4.34: (a) TM corresponding to trace #1 in Figure 4.30 (a). The green
dashed box defines cases (i), (ii) and (iii) of the joint RTN in (b). The the
red solid box defines the transitions of the RTN shown in the inset of Figure
4.30 (a). Blue circles indicate the BTT discharges. (b) Illustrative example of
the two AV}, level transitions in the RTN signal in the inset in 4.30 (a).

RTN recognition: the method identifies multiple and consecutive tran-
sitions between two distinct AV}, levels. For instance, all transitions from/to
levels LO to L3 of the combined RTN signals in Figure 4.30 (b) can be found
TM of Figure 4.34 (a) with a green dashed box. Moreover, an example of a
single defect RTN transient in the TM is highlighted with a solid red square
box, which corresponds to the RTN signal shown in the inset of Figure 4.30
(a). The main diagonal indicates the number of samples at the same AVjy,
level (i.e., initial and final AV}, levels L6 or L7), while 110 defect discharges
(i.e., initial L7 to final L6) and 109 defect charges (i.e., initial L6 to final L7)
take place in the RTN signal.

5) Defect parameters extraction. the last step is the extraction of the
T. and n parameters of the slow defect emissions. This is done by locating the
elements below the TM main diagonal showing single discharge that have a
symmetrical zero above the TM main diagonal. The 7 value of each detected
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defect is obtained by calculating size of the AV}, drop as shown in Figure 4.35
with the 3 clean recovery traces. To allow the evaluation of the 7. associated
to the defect, when the TM is constructed, also the times at which (ii, ii+1)
transitions occur are saved. When a slow discharge is encountered, the 7, is
assigned to the computed 7 value so the defect is characterized by the tuple
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Figure 4.35: Filtered recovery traces without background noise and/or RTN.

In order to evaluate the validity of the described method, four individual
BTTI experimental tests conducted at room temperature, each one involving
248 CMOS transistors with 8 different channel sizes (see Table 2.1 in Section
2.1.1 of Chapter 2). All devices have been tested using a 6-cycle SM scheme,
in which the duration of the stress phases is increased exponentially (i.e., 1s,
10s, 100s, 1000s 10,000s and 100,000s), while the recovery phase time is always
100s. During the stress period, 1.2V, 1.5, 2.0 and 2.5V Vg voltages have
been considered, while for measurements Vg =~ Vi, and Vpg = 100mV. All
tests have been conducted automatically by utilizing the ADPSPM technique
reducing the total tests time from ~3.5 years, using serial characterization
to only ~ 7 days, thanks to the ADPSPM algorithm. From the automated
analysis of the data, a total of 10,582 slow emissions have been identified.
Figure 4.36 shows the statistical results obtained from the analysis of all (7.,7)
tuples extracted by using the method. Figure 4.36 (a) shows that < n >
decreases with transistor area increase.

If the RTN related transients were not removed from the recovery traces
before the slow emissions identification, many of ’false’ events (with equal
AVy, value as the RTN amplitude) would have been mistakenly considered
during the < 1 > calculation. Therefore, the resulting < n > value for all
tested geometries, would have been closer to the AV}, of the fastest RTN,
masking the actual < n > of the BTI-related defects. Moreover, Figure 4.36
(b) shows that 7 is exponentially distributed. The results agree with those in
the literature [50], which supports the validity of the methodology.
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Figure 4.36: (a) Distribution of the < 7 > values of the BTT emissions as a
function of the transistor area. (b) Exponential distribution of the n values,
with exponential fitting extracted from BTI tests for each geometry.

As shown in Figure 4.35, the described smart noise- and RTN-removal
smart method identifies and removes the present RTN and the background
noise of the recovery traces to avoid artifices during the detection of BTI/HCI
defect discharges. Moreover, from the results shown in Figure 4.36, more than
10,000 defects emissions can be used as input parameters to stochastic aging
compact models like the PDO (see Section 1.3.5 in Chapter 1).

The use of stochastic models to simulate large circuits, e.g., CMOS multi-
plier, under aging conditions, results in highly costly computational resources
where simulations can take long times. In this regard, the next section will
describe a new GPU-based simulation framework designed to exploit the
computational power of modern GPU systems to significantly reduce aging
simulation time.

4.2.3 BTI/HCI-aware circuit simulation using a GPU-
based approach

Accurate transistor modelling under BTI/HCI phenomena consists in two
main challenges: a significant time is required to characterize an statistically
representative set of devices to properly calibrate the aging models and also
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long times are required to simulate large circuits under TDV phenomena . Both
challenges originate from unique uncorrelated BTI behaviour in each device
revealing no information about other devices degradation under the same stress
condition. Thus, many devices are measured to obtain probability distributions
and each device must be modelled and then simulated individually.

Commercial circuit simulator uses deterministic compact BTT models like
MOSRA [171] or FTCM [172] that are not suitable to model the stochastic
BTI/HCI variability thus, stochastic models like PDO [98] or TTOM [172]
must be employed instead. These models are computational complex as they
are optimized to fit measured data that results in aging modelling times in
the order of minutes per device. Thus, utilizing SPICE circuit simulations are
extremely time-consuming resulting in computationally intensive modelling
simulations. Therefore, to employ a BTI variability model in circuit simulation,
the algorithm must be able to model thousands of MOSFETs devices in a
feasible simulation time.

In this scenario, the present section describes a novel GPU-based BTIT
variability model that employs massive parallelism (beyond 1000 processing
cores) found in graphic cards to model thousands of MOSFETSs in seconds
by simulating devices concurrently. An overview of the entire approach is
given in Figure 4.37. Therefore, together with the novel defect parameter
extraction methodology presented in Section 4.2.1 of this chapter, accurate
model statistical parameters are provided, while the PDO model itself enables
large circuit simulations in (>100,000 MOSFETS) in a few minutes.

Background Probabilistic Defect Occupancy Model: by means of
the PDO model, each defect D = (7., 7e,7n) captures/emits carriers, resulting
in AV}, degradation in devices. Each defect is specified by its capture time
Te, Te and the induced AV, degradations 1 as described in Section 1.3.5 in
Chapter 1. The PDO evaluates the occupancy probability of defects with
particular 7, and 7. distributions under arbitrary biasing waveforms (AC
or DC) [98]. Moreover, a log-normal bi-variate distribution is utilized for
simplicity to describe the defect parameter distribution.

Calibrating the Model: to calibrate the PDO model, the TARS software
together with the ADPSPM measurement technique is used to statistically
obtain the emission time 7, and induced degradation n for each defect across
all measured devices. Then the MATLAB function "fitgmdist” is used, which
performs a regression fit of bi-variate Gaussian distributions. using the
logarithmized values as the defect distribution is a bi-variate log-normal
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Figure 4.37: Overview of the BTI/HCI variability modelling approach.

distribution [98]. By providing logarithmic data, “fitgmdist” can fit a bi-
variate Gaussian distribution with a covariance matrix against our extracted
defect parameter data sets. At each voltage and temperature combination, a
defect distribution is obtained.

Defect Parameters Distribution: after the aging characterization, the
measurements are processed with WTLP (see Section 1.4.2 in Chapter 1) to
extract the defect parameters of each defect. Then "fitgmdist” MATLAB
function fits the defect distribution D(7.,.) to histograms of 7., 7.. The
result is a defect distribution shown in Figure 4.38. Then the n histogram
is used to fit the exponential distribution of 7, as shown in Figure 4.39(a).
Figure 4.39 (b) illustrates how regression to the mean ensures that the values
become more representative where more transistors are characterized (sample
size).

Parallel PDO BTI Model using CUDA programming: simulation
times for defect centric BTI models are too large for aging variability. However,
graphic cards offer massive computational resources with massive parallelism,
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Figure 4.38: D(7., 7.) defect distribution fit in MATLAB for 100 devices with
194 defects each providing a (7., 7.) pair. Four MSM cycles with stress Vgg of
2.5V and exponential increase stress times, i.e., 1s, 11s, 111s and 1,111s, and
a fixed recovery time of 100s are used. The defect distribution verifies long
capture times and emissions within 100s of measurement window at room
temperature.

for instance 2048 cores in the NVIDIA GTX980. This enables to simulate
up to 1024 devices in parallel to decrease simulation times to milliseconds
per device as shown in Figure 4.40. To implement PDO on the graphic card,
it is programmed in CUDA, a C-variant targeted towards massive parallel
programming of NVIDIA graphic cards. Then, the PDO is used to individually
model the devices, in which individual defects are randomly occupied or
unoccupied according to the occupancy probability P,... Therefore, each
device is modelled as a CUDA block containing up to 72 compute threads
where each thread models a single defect.

Parallel PDO Model Performance: figure 4.40 (a) highlights how the
parallel implementation is able to model 100,000 devices in less than 120s that
results in 1.2ms simulation time per single device while the original MATLAB
implementation [98] took about 5 minutes per device. A later version of
the PDO model described sequential C programming (shown in orange)
already outperforms [173], due to algorithmic optimization. Nevertheless, the
massively parallel PDO implementation presented in this section utilizing
CUDA on GPU framework enables large scale circuit simulations. To verify
this statement, a parallel SPICE simulator has been used to simulate 32 and
64-bit multipliers with 11288 and 42534 devices, respectively, as shown in
Figure 4.40 (b). Each device had a unique set of defects, resulting in a unique
occupancy state and thus, unique AV}, degradation behaviour.
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Figure 4.39: a) Histogram of 7 from 211 devices with 417 defects at Vg =
2.5V with fit of exponential function. b) Mean and standard deviation of
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Figure 4.40: a) Performance of our CUDA implementation of our PDO model
for Vs waveforms with 1000 points and different number of devices. b)
Circuit simulations of 32bit and 64bit multiplier synthesized in a commercial
EDA tool flow resulting in 11288 respectively 42534 devices.

The presented novel parallel-BTT approach utilizing GPU-based computing
exhibits a significant performance simulating, for instance, a total of 100,000
devices when compared with conventional non-parallel simulation frameworks.
This methodology utilizes a calibrated version of the PDO model by means of
the WTPL that analyses BTI recovery trances statistically characterized by
means of the TARS software from the nanometric devices of the ENDURANCE
IC chip.
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4.3 TZV and TDYV tests using a 28-nm IMEC
IC design

As discussed in previous sections of this chapter, during real circuit operation
different variability sources of deeply scaled devices associated to TZV and
TDV such as BTI and HCI, are present and can potentially degrade transistors
performances. In this scenario, the present section will illustrate some of
the preliminary variability measurements extracted from the analysis of a
new 28-nm IC designed at IMEC, during a research internship in the Device
Reliability and Electrical Characterization group (DRE) group. The new
IC design was utilized to capture degradation statistics of multiple device
degradation metrics and account for BTT and HCI induced channel degradation.
An early version of the tested 28-nm IC can be found in [127,174].

The IC design is based on an array-based architecture containing a total
of 2,500 individually controlled planar nFET and pFET transistors. A partial
circuit block description is shown in Figure 4.41. The on-chip devices are
distributed in a set of 250 columns where each column contains a total of 10
FETs sharing the same gate lines while each drain of each FET is connected
to an individual drain biasing line. Each column in the IC allows to address
electrical characterization to the 10 connected transistors simultaneously by
means of individual controllable pass gates. On the contrary, the 10 IC drain
lines are connected directly to the IC FETs without pass gates in between
different FETs. Moreover, all the source terminals are connected together
as well as the bulk connections that can be both accessed externally by two
individual chip pads.

As illustrated in Figure 4.41, the on-chip devices are selected by means of
a decoder utilized to activate any required number of gate lines. The decoder
is controlled by a shift register and a latch intended to avoid unwanted
device stress while the data is serially programmed into the shift registers.
Furthermore, the circuit utilizes sense lines at the output of the shift register,
and on the gate and drain of a device within the array. This allows to verify
the functionality of the periphery, and to identify voltage drops on the gate
and the drains. Finally, the peripheral circuits (shift registers, latches and pass
gates) are entirely designed with CORE devices, as possible degradation of the
pass gates will not cause substantial error on the read-out but, nevertheless,
must be taken into account during the data pros-processing.
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Figure 4.41: Partial circuit block definition of the tested 28-nm IC design
used for BTI/HCI device testing.

Several samples of the chip have been characterized under BTI and HCI
stress using the conventional MSM accelerated stress schemes. First, before
the application of overvoltage stress to the on-chip devices, a complete time-
zero variability characterization has been executed on all devices by means
of Ips—Vgs curve sweeps. In this sense, Figure 4.42 shows a set of seven
empirical CDFs of the fresh V;y, electrical FET parameters, two for nMOS
devices and 5 for pMOS FETs where a total of 17,500 FETs have been
characterized. All measurements are conducted at room temperature.
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Figure 4.42: Empirical CDFs of the V4, electrical FETs parameters obtained
from the analysis 7 IC chips.
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In order to execute variability tests to the on-chip devices, a custom-
built switching matrix with separately controllable voltage sources to steer
the periphery and K26xx SMUs for current characterization and voltage
application. After the massive extraction of the fresh parameters for each
device, a sequential 5-cycle MSM scheme has been executed with stress times
of 1s, 3s, 10s, 30s, and 100s, including a pre- and post-stress Ipg — Vg curve
characterization period to compute device parameter shifts.

An important feature of the tested IC chip consists in a built-in ring
oscillator design utilized to apply AC stress to the FETs gate terminals. The
ring oscillator is accompanied by a 16x frequency divider that allows to apply
different square AC frequency signals for the study of BTT and HCI damage in
terms of AC stress. In this sense, Figure 4.43 (a) and (b) shows a preliminary
set of chip measurement obtained after the application of HCI stress to an
entire pFET chip shown in (a) and to an nFET chip shown in (b). In both
cases and during all stress phases, a fixed |Vpg| = 2V has been utilized while
the |Vgs| has been swept from 0.8V to 2V, in order to study the behaviour of
the < AV}, > as a function of the increasing AC stress frequency signal for
each voltage combination.

As shown in Figure 4.43 (a) and (b) a common behaviour can be observed
as soon as the Vgg equals the fixed Vpg of 2V. The damage suffered by
the tested devices becomes more severe with increasing Vg biasing, where
the Vps = Vgg = 2V combination becomes the highest harmful voltage
combination in agreement with [78,159,160]. From the HCI stress executed
to the pMOS FETs in Figure 4.43 (a) a positive < AV}, > can be observed
resulting from accelerated aging damage while, for the 1.6V and 2V Vg higher
stress voltages, a large negative < AV, > is shown. For the nFET HCI
degradation, shown in Figure 4.43(b), a large positive < AV}, > degradation
can be observed for all Vo/Vp voltage combinations.

In terms of HCI frequency behaviour, preliminary results a weak depen-
dence can be observed in both nFET and pFET < AV}, > degradation
starting approximately at 100kHz affecting the degradation trend for both
pMOS and nMOS as shown in Figure 4.43(a) and (b) respectively. A possible
related cause of this behaviour could be attributed to device self-heating effects
during the stress as in agreement with [175,176]. In the case of applying an
AC signal below 10kHz the < AV}, > degradation appears to be closer to
the DC stress probably because AC stress below 10kHz behaves thermally
similar to DC stress. Nevertheless, results shown in Figure 4.43 are part of
an on-going research at IMEC and more conclusive results will be reported
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Figure 4.43: HCI versus frequency stress < AVy, > damage for pFET in (a)
and for nFET in (b) is shown for four different Drain/Gate voltage pairs.

During the entire characterization executed to on-chip devices of the 28-nm
IC array-based IC at IMEC facilities, BTI and HCI aging-related degradation
under AC/DC stress conditions, only Ips — Vigs curves characteristics have
been utilized to monitor pre- and post-stressed devices. In this sense, cap-
turing degradation at the very first instants of the aging measurements, e.g.,
microsecond time scale, can be difficult since Ipgs — Vg curves where utilized
assuming an increasing time gap between the tested devices. In this sense,
with the aim of significantly reduce the time gap between the stress and the
measurement phase of an aging tests, the following section of this chapter
will describe a programming solution implemented at IMEC facilities for the
characterization of aging test utilizing the ultrafast unit model B1530A of the
B1530 semiconductor parameters analyser.

4.4 B1530A Ultrafast device characterization

As discussed in the present chapter, when executing BTI or HCI aging
tests, the elapsed time gap between the stress and the initial instants of
the measurement periods becomes a critical step towards capturing the very
first steps of the devices recovery after stress. In this scenario, this section
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will describe the algorithm developed during a research internship at IMEC
facilities and utilized to allow full control of the ultrafast B1530A Keysight
module to execute stress or measurement sequences with a sampling rate as
short as 10ns. Figure 4.44 shows the flux diagram of the developed C++
control software that automates the definition and execution of arbitrary
variability tests and BTI/HCI accelerated MSM conventional aging sequences.

B1530A WGFMU CONTROL

v v
Arbitrary Waveform Generation BTI/HCI patter generation
Configure VG//D random patterns with a Configuration of BTI/HCI SMS cycle tests
minimum time step of 10ns. with DC or AC stress waveforms.

! !

Configuration File definition

Configuration File definition Bre-Stress device test.

+  VGS time/Voltage pattern. +  Number of SM cycles.
VDS timeivoltage patterns. + Recovery phase parameters.
Measurement sequence. = AC or DC stress selection.
+ Recovery waveform selection.

WGFMU configuration file

A

\J

A 4
A

WGFMU executable: |
- C++ encoding. !

- Config file readout. D

- B1530A communication. | | £
i - Qutput measurements |
i in CSV file format. !

Figure 4.44: Diagram flow of the Keysight B1530A ultrafast control algorithm.

As shown in the left branch of the diagram flow of Figure 4.44, the user is
able to select the arbitrary waveform option in order to execute customize
variability tests. The procedure to define this kind of tests consists in entering,
to the WGFMU configuration file, the Vgg/Vps voltage/time definition
patterns that will be read and executed by the WGFMU executable file.
Moreover, the user can determine where to execute ultrafast measurement
during the previously defined Vi;g/Vps patterns.

The second functionality of the algorithm, that corresponds to the right
branch of the diagram flow in Figure 4.44 consists in the definition and exe-
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cution of accelerated BTI/HCI aging MSM sequences. In order to execute
an ultrafast aging test, the following definitions have to be entered in the
"WGFMU configuration file”: definition of the pre-stress device characteriza-
tion (for instance execution of an Ipg — Vg curve), definition of the number
of stress and measure or recovery cycles to be executed and the definition of
the type of stress to be applied to the samples either DC or AC stress. For
the case of AC stress the user can determine the type of waveform, square,
triangle, etc. and also the frequency of the AC signal. Finally, the algorithm
allows to determine the type of waveform to be executed during the recovery
phases of the aging test, that can be defined arbitrarily.
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Figure 4.45: Ilustration of a 4-cycle BTT aging test with 1MHz AC square
signal stress followed by Ipgs — vgs recovery traces in (a) 1IMHz square signal

Once the "WGFMU configuration file” is fully filled with all the required
variables to execute the desired tests, the "WGFMU executable file” launch
the variability tests, first reading all the test variables from the configuration
files, secondly, the communication with the B1500 is established by means of a
GPIB connection in order to control the ultrafast module B1530A and finally,
the test is executed and the data measured by the equipment is exported in
a column data CSV file for its further analysis. An illustrative example of
an ultrafast BTI test conducted using the described algorithm is shown in
Figure 4.45, where the waveform applied to the Gate of a transistor has been
captured with a digital oscilloscope.
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The BTI test example shown in Figure 4.45(a) consists of a 4-Stress-
Measurement (SM) cycles test where, in the four stress phases, an AC square
signal oscillates between Ov and 1.5V with a frequency of 1MHz is applied to the
Gate of a hypothetical device. On the other hand, during the recovery phases of
the proposed BTT test a Vg sweep is executed to the Gate terminal maintaining
the Vp fixed to extract the Ipgs — Vs after the stress periods. Figure 4.45(b)
depicts the AC square signal executed by the described algorithm verifying
the square shape of the stress signal of 1MHz with a 50% duty cycle.

To illustrate the capabilities of the described ultrafast algorithm, Figure
4.46 shows the results of a 4-SM BTT test. The executed BTI test involves a
single InGaAs n-type MOSFET device fabricated at IMEC facilities with a
channel width of 50um and a length of 1um. During the BTT test, the stress
time periods are set to 10us, 1ms, 100ms and 1s with a DC Vg of 1.5V and
Vps =0V.

After each stress period, a Ips—Vgg curve characterization of 1us has
been conducted to account for the degradation suffered by the device with
a Vps = 50mV and a Vgg sweep from -0.5V to 0.5V. The results shown in
Figure 4.46, reveal that after each accelerated stress phase, a positive AVy,
appears during the recovery phase since the Ips—Vgg curves are progressively
right shifted.
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Figure 4.46: Ips — Vs ultrafast curves characterized in a recovery time of
1us after 4 sequential stress periods in a MSM conventional BTT test.
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4.5 Conclusions

The present chapter has shown extensive variability study carried out in
individual devices and a set of three novel methodologies to accurately account
for the TDV related variability in nanometric MOSFET devices. In the
first place, the expected lifetime prediction of the 65-nm ENDURANCE
chip samples, based on statistical time-zero and time-dependent variability
characterization including BTI and HCI accelerated aging tests has been
described.

In the second block, a detailed description of three different methodologies
utilized for the transistor’s parameters extraction and reliability simulation of
nanometric devices and circuits have been described. The first methodology is
utilized to obtain the model card MOSFET parameters from electrical device
characterization under TDV aging phenomena. The second methodology
consists in an RTN-removal method utilized to get rid of any presence of RTN
signals that can appear during the recovery phases of an aging test to solely
account for the BTI-related behaviour. The third methodology described in
this chapter, have consisted in a novel BTI-aware simulation approach that
exploits the computational resources of a highly parallel, multithreaded and
multicore GPU-based system coded in CUDA programming language in the
sine a of research internship conducted at the KIT institute in Germany. The
new framework approach utilizes the PDO model re-programmed in CUDA
language to simulate thousands of transistors in large circuits like multipliers,
under BTT aging conditions archiving a significant simulation time reduction.

Finally, in the last two sections of this chapter the preliminary results
obtained during a research internship at IMEC facilities have been described.
In the first place, TZV and TDV statistical analysis of a novel 28-nm IMEC
ID design have been presented including the possibility of applying different
AC stress signals to the on-chip FETs during BTT or HCI accelerated aging
tests. Moreover, the main functionalities of an ultrafast characterization
algorithm, developed in C++ codification, are shown utilized to apply any
desired arbitrary stress waveforms together with the possibility of executing
user-defined MSM sequences for BTT or HCI device testing utilizing AC/DC
stress waveform with oscillation frequencies up to 1MHz.
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The rapidly growing CMOS technology industry has become one of the
major drives of the modern worldwide economy in the last decades. Since the
early days of switching electronics, the key challenge of the CMOS industry has
been focused in the transistors dimensions scaling in order to integrate more
and more devices into the same IC chip area keeping yield and performance
under control in every new technology node. Device shrink contributes
to important benefits such as increasing processor speed, reducing device
power consumption and reducing manufacturing cost per chip, among others.
Nevertheless, the reduction of devices dimensions approaching the atomic
scale size, gives rise to important variations in the transistor main parameters
between identical fabricated devices at the manufacturing process, as well as,
a progressive parameter variations during devices and circuit functionality
over time. For this reason, the CMOS variability and reliability of nanometric
devices and circuits has been intensively studied during the last decades.

In this scenario, this thesis contributes to the study of the variability
and reliability of nanometric CMOS devices. The core of this thesis aims
the statistical characterization of MOSFET devices to study the different
sources of transistors variability. Thus, is it analyzed the time-zero variability
(TZV), which is due to the device fabrication process, and the time-dependent
variability, which includes transient effects due to Random Telegraph Noise
(RTN) and aging mechanisms as Bias Temperature Instability (BTI) and Hot
Carrier Injection (HCI).

Conventional device characterization techniques conducted using probe
stations for on-wafer device measurements results in long serial aging test
times when thousands of transistors are involved. In this regard, to perform
fast and trustworthy statistical characterization of TZV and TDV phenomena,
a novel and versatile array-based IC named ENDURANCE has been designed.
The ENDURANCE IC chip contains sufficient test devices (nMOS and pMOS)
including eight different transistor sizes to get statistically significant results
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for any given variability test including TZV, RTN, BTT as well as HCI aging
phenomenon in a unique IC design. The fabricated chip allows to execute
automatic characterization of thousands of DUTs.

The IC incorporates a novel circuit design that ensures the ability to per-
form trustworthy device level reliability characterization. The ENDURANCE
IC chip has been designed utilizing Force-&-Sense internal voltage biasing
system in order to mitigate IC IR-drops and ensure a correct voltage biasing
during variability testing. The IC design incorporates I/O transmission gates
that allow applying external stress voltages to the DUT terminals up to
3.3V during aging tests without significant degradation of the access circuitry.
Moreover, the transmission gate design also allows high DC current flow to
execute HCI aging tests without incurring in electromigration damage of the
chip paths. Finally, one of the main novelties of the presented ENDURANCE
chip consists in the possibility of applying stress parallelization techniques
which enables faster aging characterization.

With the aim of overcoming traditional on-wafer testing issues, such as
serial device aging characterization resulting in extremely large test times,
array-based integrated circuits have been proposed for massive device variabil-
ity characterization to significantly reduce variability test times from years
to hours. In this scenario, a novel and flexible characterization framework,
named TARS software, has been developed, in the context of an intership in
the IMSE-CNM in Sevilla (Spain), to automatically characterize the on-chip
samples of array-based IC chips covering the necessary hardware and software
requirements for a trustworthy and straightforward transistor characterization.

The TARS software consists in a full-custom measurement tool utilized for
the automated generation and execution of variability tests to characterize the
65-nm transistors of the ENDURANCE IC that enables TZV and pipelined
TDYV characterization. The measurement setup permits to execute several
tests: ramped voltages (Ips—Vas, Ips—Vps), RTN measurements, and BTI
and HCI aging evaluations. These tests can be defined in a matter of seconds
and thousands of commands are automatically generated for instrumentation
and chip control. The described measurement setup in combination with the
ENDURANCE IC chip, powered by the All DUT Parallel Stress Pipeline
Measurements (ADPSPM) novel algorithm, allows the application of smart
stress parallelization techniques to a large number of devices by overlapping
the stress phases of an aging tests, reducing the measurement time from years
to days.
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After the execution of statistical accelerated BTT and HCI variability
measurements utilizing the ENDURANCE chip together with the TARS
software framework, the expected lifetime prediction as a function of the
percentage of non-functional devices has been accurately obtained. Based
on a maximum degradation criterion of 30mV in the threshold voltage shift,
high degradation has been obtained for the NBTI case where, after the
extrapolation to the nominal operation conditions, the = 27% of the tested
devices at room temperature will became non-functional in 10 years. Moreover,
for NBTI evaluated at 80 °C, the expected lifetime will approach to only
one year. For the HCI case, the pMOS devices have shown slightly more
degradation than nMOS ones and in both cases the lifetime is reduced to
no more than a few months. It has been also shown that, for the 65-nm
characterized technology, HCI damage is the most harmful aging degradation
reducing the expected lifetime to a few days. Nevertheless, the expected
lifetime obtention highly depends on the final application or circuit to be
evaluated in terms of lifetime reliability. Stress conditions and degradation
criteria should be appropriately adjusted for specific circuit definition.

In addition, three different transistor parameters extraction methodolo-
gies have been described. The first methodology is utilized to obtain the
model card MOSFET parameters from electrical device characterization under
TDV (BTI and HCI) aging phenomena for proper circuit reliability simu-
lation utilizing commercial tools. In this sense, threshold voltage (VTHO)
and mobility (U0) model card parameters have been successfully obtained
from experimental measurements utilizing the mean squared error metric
when comparing experimental Ipgs — Vigg curves with thousands of Cadence
simulated Ips — Vigs curves. Moreover, a novel Ips-t to AVTHO model card
parameter variations has been developed demonstrating that BTT and RTN
related fluctuations can be perfectly registered with the proposed methodology
to further be included in circuit simulations.

The second methodology consists in a novel and smart RTN-removal
method utilized to get rid of any presence of RTN fluctuations that can
appear during the measurement phases of BTI and HCI aging tests to solely
account for the aging related degradation avoiding noise masking issues. The
results show that the amplitude of, for instance, the characterized BTI-related
discharges amplitudes, are exponentially distributed and the effect on the
threshold voltage related shift decreases with the transistor area increase.
The third methodology described in this chapter, has consisted in a novel
BTI-aware simulation approach that exploits the computational resources of
a highly parallel, multithreaded and multicore GPU-based system coded in
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CUDA programming language in the sine of a research internship conducted at
the KIT institute in Germany. The new framework approach utilizes the PDO
model re-programmed in CUDA language to simulate thousands of transistors
in large circuits like multipliers, under BTI aging conditions archiving a
significant simulation time reduction when compared with commercial EDA
tools.

Finally, and thanks to a research internship conducted at IMEC facilities
in Leuven, results obtained from the characterization of device TZV and
TDV utilizing a novel 28-nm IMEC IC design have been presented. The
IC permits the possibility of applying AC/DC stress signals to the on-chip
transistors under BTI and HCI aging tests. Moreover, the main functionalities
of an ultrafast characterization algorithm, developed in C++ codification, are
utilized to apply any desired arbitrary stress waveforms together with the
possibility of executing user-defined MSM sequences for BTI or HCI tests
utilizing AC/DC stress waveform with oscillation frequencies up to 1MHz.

In conclusion, this thesis provides a deep insight into the characterization
and analysis of nanometric MOSFET devices utilizing a promising array-
based IC and fully automated characterization system to obtain an accurate
expected lifetime prediction. Moreover, novel MOSFET parameter extraction
methodologies have been presented to accurately study variability sources
present in nowadays nanometric devices. Most of the results included in this
thesis have been published in international journals and conferences.
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