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Abstract

The progressive down-scaling of CMOS technology has driven the semiconductor
industry to the realization of faster and lower power consumption VLSI circuits and systems.
Among the most common solutions for high performance nano-scale area devices are the fin-
shaped field-effect transistors (FinFETs) and the fully-depleted silicon-on-insulator (FDSOI)
MOSFETs, which can provide a high immunity to the short-channel effects (SCEs), low
threshold voltage variability and an improved drain-induced barrier lowering level (DIBL).
Compared to FinFET, the UTBB FDSOI technology utilizes a much simpler fabrication
process thanks to its planar structure. Furthermore, its back-gate bias option makes it
particularly interesting for multi-V, applications.

The present thesis is dealing with issues arising from the scaling of new-era devices
in the modern MOSFET design: the development of an analytical and compact drain current
model, valid from weak to strong inversion, describing accurately the transfer and output
characteristics of short-channel FDSOI devices and the investigation of performance issues -
namely reliability and variability issues- of such advanced nano-scale transistors. Meanwhile,
the accurate determination of the MOSFET electrical parameters is also essential for
understanding the physics and engineering of the devices, particularly if we take into account
that as the supply voltage is reduced with device scaling, the operating gate bias moves closer
to the threshold voltage (near threshold operation), and the assumption that the inversion
charge varies approximately linearly with gate voltage overdrive becomes less and less
accurate. Thus, an additional goal is the development of a methodology which allows the
extraction of MOSFET parameters over the full gate voltage range i.e. from weak to strong
inversion region, enabling to fully capture the transition between subthreshold and above
threshold region, despite the reduction of supply voltage.

First, we present a new full gate voltage range methodology using a Lambert W
function based inversion charge model, for extracting the electrical parameters in FDSOI
nano-MOSFET devices. Split capacitance-voltage measurements carried out on 14 nm
technology FDSOI devices show that the inversion charge variation with gate voltage can be
well described by the Lambert W function. Based on the drain current equation in the linear
region including the inversion charge described by the Lambert function of gate voltage and
the standard mobility equation enables the extraction of five electrical MOSFET parameters
from experimental transfer characteristics (ideality factor, threshold voltage, low field
mobility, first and second order mobility attenuation factors). The extracted parameters were
compared with those extracted by the well-known Y-function in strong inversion region. The
present methodology for extracting the electrical MOSFET parameters has been verified over
a wide range of channel lengths and back gate voltages on nano-scale FDSOI devices,
demonstrating its simplicity, accuracy and robustness.

Second, we have derived simple expressions for the minimum value of the front and
back gate surface potentials with which we have developed analytical models for the
respective threshold voltages and ideality factors with back gate control of lightly doped short
channel UTBB FDSOI MOSFETs. The threshold voltage and ideality factor models of the
front and back gates have been verified with numerical simulations in terms of the device
geometry parameters and the applied bias voltages, as well as with experimental results for
devices with channel length down to 17 nm. Based on these models we have developed an
analytical drain current compact model for lightly doped short-channel UTBB FDSOI



MOSFETSs with back gate control. The model, which includes the effects of drain-induced
barrier lowering, channel-length modulation, saturation velocity, mobility degradation,
quantum confinement, velocity overshoot and self-heating, has been validated by comparing
with experimental transfer and output characteristics of various devices and back-bias
conditions. The good accuracy of the model makes it suitable for implementation in circuit
simulation tools. Indeed, the drain current compact model is implemented via Verilog-A code
for simulation of fundamental circuits in circuit simulators.

Following the drain current compact model development, reliability issues including
hot-carrier injection (HCI) and negative bias temperature instability (NBTI) are discussed for
these nano-scale UTBB FDSOI MOSFETs. The hot-carrier effect, which occurs near the
drain end due to hot carriers accelerated in the channel, is prominent in n-MOS devices, while
the NBTI is prominent in p-MOS devices along the entire channel when negative gate-to-
source voltage is applied.

v In our analysis, the hot-carrier (HC) induced traps are investigated by low-
frequency noise (LFN) measurements in the frequency and time domain. The
measured noise spectra are composed of 1/f and Lorentzian-type components.
The Lorentzian noise is due either to generation-recombination noise or to
random telegraph noise (RTN). Based on the LFN results, the effect of the
HC-stress on FDSOI MOSFETs is investigated after short and long-time
stress. Analysis of RTN traps detected in fresh and HC-stressed devices
indicate that the RTN amplitude is uncorrelated to the trap time constants, i.e.
the impact of the trap depth from the interface is masked by that of the trap
location over the channel. The overall results lead to an analytical expression
for the RTN amplitude, enabling to predict the RTN changes from the
subthreshold to the above threshold region. After we identified the
degradation mechanisms and based on our analytical compact drain current
compact model, we developed a semi-empirical aging hot-carrier model
predicting with good accuracy the device degradation stressed under different
bias conditions using a unique set of model parameters.

v Concerning the NBTI phenomenon, the threshold voltage shifts during stress
at different temperatures and gate bias voltage conditions show that the NBTI
is dominated by trapping of holes in pre-existing traps of the gate dielectric,
while the recovery transient follows a logarithmic-like time dependence. In
this way, we have developped an NBTI model capturing the temperature and
gate voltage dependence in such UTBB FDSOI p-MOSFETSs with zero back
gate bias and small drain bias voltage.

Finally, the last part of our research work which is covering a significant part of the
thesis, deals with the local variability phenomenon in advanced nano-scale devices. The main
sources of drain and gate current local variability have been thoroughly studied. In this aspect,
we developed a fully functional drain current mismatch model, valid for any gate and drain
bias condition, including all main sources of drain current local variability assumed to be
uncorrelated, namely the threshold voltage, the current gain factor, the source-drain series
resistance and the subthreshold slope ideality factor mismatches. Concerning the gate current
local variability modeling the local fluctuations of the threshold voltage and the gate oxide
thickness were taken into account. The proposed models for the drain and gate current
mismatch were verified, using a Lambert function based compact model and performing
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Monte Carlo simulations that reproduce accurately the experimentally measured current
variations. Then, owing to the proposed mismatch models, we characterized various advanced
technologies in terms of local and global variability performance. Indeed, a detailed statistical
characterization of drain current local and global variability in 14 nm Si bulk FinFET devices
and in sub 15 nm gate length Si/SiGe trigate nanowire p-MOSFETs is performed. To this end,
we extracted the main matching parameters showing that, despite their very aggressive
dimensions, such devices exhibit relatively good local and global variability performance.
Furthermore, we investigated the impact of the source-drain series resistance mismatch on the
drain current variability for 28 nm Bulk MOSFETs. Finally, we performed a complete
investigation of the gate and drain current mismatch in 14 nm FDSOI devices. In conclusion,
these drain and gate current mismatch compact models can easily be implemented in circuit
simulation tools for circuit design and are applicable to both bulk and FDSOI technologies.
To this end, our drain current compact model implemented in Verilog-A code has been used
to examine the impact of drain current variability on fundamental circuits in Cadence Spectre.
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I Introduction

I.1 Overview of microelectronics evolution

Microelectronic components are the core elements of all modern technological
devices that serve the needs of informatics, communications and audiovisual systems. They
consist of conductor, semiconductor and insulator materials, arranged in a certain way to
create new electrical properties. Although the first experiments on the electrical properties of
semiconductor materials date back to the beginning of 19" century, the event that brought
them on the edge was the invention of the Bipolar Junction Transistor (BJT) by W. Shockley,
J. Bardeen and W. Brattain (Figure I-1(a)) at Bell Laboratories at the end of 1947 [1]. Almost
ten years later, in 1959 D. Kahng and M. M. Atalla invented the Metal-Oxide-Semiconductor
(MOS) Field Effect Transistor (FET) (Figure I-1(b)) as an offshoot to the already patented by
J. E. Lilienfeld, FET design [2], [3]. At the same time, in September 1958 J. Kilby of Texas
Instruments presented the first working Integrated Circuit (IC) (Figure I-1(c)) [4].

le:hr first point contact trasisior Aug. 27, 1963 DAWGN KAHHG 102,230

ana r Braitain
jew Jersey (1947) ELECTRIC FIELD CONTROLLED SETCONUGTOR DEVICE
Filed May 51, 1960

(a) (b)
Figure I-1 The first working (a) BJT, (b) MOSFET and (c) IC.

Very soon, the successful development of the MOSFET led to the progress of the IC
technology, since these devices were incorporated into integrated circuits in the early 1970s.
Almost at the same period of time G. Moore estimated that the number of transistors per chip
would double about every two years [5] (Figure I-2), since the idea was that smaller devices
improve almost every aspect of an IC’s operation, including the reduction of cost and
switching power consumption per transistor, as well as the memory capacity and speed
enhancement.

The semiconductor industry’s need to transform Moore’s observation into reality led
to the creation of the International Technology Roadmap for Semiconductors (ITRS) in the
early 90’s. Therefore, the ITRS is a comprehensive guide produced by a group of
semiconductor industry experts for advanced semiconductor device research and
manufacturing purposes [6]. Since the first edition of the roadmap, the Moore’s ‘law’ and the
ITRS have been complementing each other. Even though Moore’s ‘law’ has been successfully
followed until recently, pursuing MOSFET scaling trend becomes more difficult as time
passes. According to ITRS many challenges have to be overcome in order to continue
progress to the same direction concerning the transistor’s performance. Silicon (Si) remains
the main semiconductor material for the time being but the required performance
improvements for the end of the roadmap concerning high performance, low and ultra power
applications as well as memories will lead to a substantial widening in the number of new
materials, fabrication processes and device architectures used.
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Figure I-2 Microprocessor transistor counts versus year plotted together with Moore’s law.

1.2 Advanced nano-scale devices

It is clear that the main aspect in modern era microelectronics is concerning the
device area: how to effectively reduce the device size without compromising its functionality
[4] is the constant question in all electronic engineers’ mind. The main advantage of reducing
the transistor active area is the power consumption decrease since the voltage needed for the
device operation is reduced accordingly to its size [7], [8]. On the other hand, loss of
electrostatic control [9], mobility degradation [10], [11], short-channel effects (SCEs), and
inability of further reducing the series resistance are some of the main disadvantages arising
from the device shrinking. Finally, variability and reliability issues are also other crucial
impacts of reducing the MOSFET area. These latter issues are addressed by the present work.

To address the problems mentioned above, various technological concepts have
already been absorbed and used from transistor technology. Planar bulk silicon MOSFET has
been the traditional workhorse of the semiconductor industry to achieve continuous scaling.
However, bulk planar FETs suffer from SCEs as the electric field lines propagate through the
depletion regions associated with the junctions (Figure I-3(A)). To overcome this problem
Silicon-On-Insulator (SOI) substrates have been proposed. Indeed, these devices are
interesting candidates for the manufacturing of mainstream semiconductor products like
microprocessors or low-power devices [12]. As illustrated in Figure 1-3(B) in a fully depleted
SOI (FDSOI) device, most of the field lines propagate trough the buried oxide (BOX) before
reaching the channel region. However, the improvement regarding the SCEs in FDSOI
devices depends on device parameters such as the silicon film thickness, buried oxide
thickness, and doping concentrations. With reducing the BOX thickness from the typical
145-300 nm value down to 8-25 nm, the device is called ultra-thin body and buried-oxide
(UTBB) FDSOI MOSFET [13]. The silicon film thickness can vary from around 7 to 14
nm. Another solution contributing to the reduction of SCEs in FDSOI MOSFETs is the
addition of a thin buried oxide layer and an underlying ground plane. In that case, most of the
electric field lines from the source and drain terminate on the buried ground plane instead of
the channel region (Figure I-3(C)).
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Figure I-3 Electric field lines from source (S) and drain (D) on the channel region in (A) bulk, (B)
FDSOI and (C) FDSOI with thin buried oxide and ground plane MOSFETs [14].

- —— — —

In Figure [-4 the “Smart Cut” fabrication process for manufacturing ultrathin SOI wafers is
illustrated, achieving a complete division between an ultrathin film of single crystalline
silicon and the bulk substrate [15].

A q 1initialsilicon — By -

N\ — 2_Oxidati
Al -"":g = )
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SOI wafer

Figure I-4 Fabrication process of manufacturing ultrathin SOI via Smart Cut process [15].

Furthermore, other technological solutions suggested and applied in order to maintain
the level of performance while shrinking down the device area, include:

v" Gate stacks consisting of more than two material layers combined with high-
k materials, like hafnium oxide HfO,, instead of SiO, as gate insulators to
decrease tunneling leakage current and increase gate capacitance [16].

v Techniques like substrate rotation, stress or strain to improve mobility [17],
[18].

v' Insertion of Halo implants near the drain and source contacts [19] in order to
eliminate the SCEs and drain-induced barrier lowering (DIBL) effect.

v Shallow trench isolation (STI) technique [20] to electrically isolate one
device from the other and thus to prevent leakage currents.

In Figure I[-5 a typical bulk and an FDSOI MOSFET fabricated by ST
Microelectronics in France are presented. This PhD thesis is addressing various new
technologies, among which the 28 nm and 14 nm FDSOI technologies as well as the 28 nm
bulk technology.

Another configuration, proposed for the first time in 1984 [22] and considered to be a
further promising candidate to have a larger immunity for SCEs compared to classical single
planar gate devices is the multi-gate structure. Indeed, multi-gate devices (double, triple,
quadruple, and gate all around structures presented in Figure 1-6) provide several advantages
such as enhanced gate controllability, increased gate-drive current, reduced sub-threshold
swing and subsequently suppressed gate leakage current, reinforced pinch off effects, and
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improved process reliability [9], [23]. On the other hand, however, there are technological and
economical challenges such as the fabrication cost and process complexity that make these
devices not as compatible as conventional bulk planar CMOS devices.

FD-SCSi

Gate

T ===y "
Source Sl Source —+£2-—+ __ Drain
—F

Ultra-Thin Buried oxide Source § " Drain

‘ChanneJ
Buried Oxide (BOX)

Figure I-5 Representation of a (a) bulk and an (b) FDSOI MOSFET fabricated by ST
Microelecronics. In (c) a scanning electron microscopy (SEM) cross section of an FDSOI
MOSFET is presented. [21]
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Figure 1I-6 Evolution of the field effect transistor Architecture [24].

Furthermore, another design idea that seems to prevail over the bulk CMOS
technology is the Fin-Shaped FET (FinFET). As illustrated in Figure I-7 in FinFET devices,
where the channel width plays here the role of fg, the body has a fin-like shape and is
surrounded by the gate electrode. Due to this design SCEs can be well suppressed,
demonstrating lower DIBL [25] and enhanced field-effect mobility [26]. Nevertheless, as
FinFETs are three-dimentional (3D) devices, they demonstrate additional challenges for
manufacturing and circuit design [27].

FinFET on Bulk
FinFET on SOI

Figure I-7 Representation of a FinFET device on bulk and SOI substrates.

Finally, tri-gate nanowire (NW) MOS transistors are nowadays recognized as
promising architectures for continuing the scaling down beyond FinFET and FDSOI CMOS
technologies [28], [29], [30]. By wrapping a gate around the NW, the optimal control of the
NW conduction by the gate potential is ensured. A large number of techniques exist to
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fabricate silicon nanowires, that can be classified into bottom-up and top-down fabrication
techniques. Superior gate control, immunity of threshold voltage from substrate bias and
excellent carrier transport properties along with more aggressive channel length scaling
possibility have made gate-all-around (GAA) architecture with semiconductor NW channel a
potential candidate for post-planar transistor design.

1.3 Impact of scaling on the device performance

In order to achieve performance improvement, reduced power consumption and
higher-density integration by shrinking down the device dimensions, major reliability and
variability issues have emerged. The first case includes phenomena like hot carrier injection
(HCI), and negative bias temperature instability (NBTI), while the second one, as indicated
from the term, variations of the main device parameters. These reliability mechanisms cause
drifts in the MOS transistor parameters; namely, threshold voltage shift and mobility
degradation. Additionally, dispersions in device level are propagated on a circuit level (e.g.
SRAM) leading to reduced circuit performance and functionality. Consequently, it is evident
that the study of these issues is considered of great importance and this is the reason they
cover a large part of the present thesis. Before analyzing these phenomena, some basic
elements of the MOS device reliability and variability are described.

1.3.1 Reliability issues in MOSFETSs

I.3.1.1 Negative Bias Temperature Instability

Bias Temperature Instability (BTI) is a phenomenon that introduces a significant
reliability issue in advanced devices and in circuit operation. It occurs when the device is
subjected to elevated temperatures (0°C to 300°C) and high gate voltages (creating electric
fields up to approximately 10 MV/cm) while the remaining MOSFET terminals are grounded
[31]. These conditions, usually referred to as stress, have detrimental effects on the device
characteristics, as they result in positive charge built-up in the gate insulator causing shift in
device parameters, like for example in the threshold voltage or in the sub-threshold slope.
However, as soon as the stress conditions are removed, the device characteristics are found to
recover, meaning that the device parameters slowly revert towards their initial values. The
effect has been identified to be stronger in p-type transistors under negative bias conditions
and this is the reason it is called NBTIL.

() (®) \
Sio, sio

2

SN N e @L
N ) F

N\

Figure I-8 Effect of negative gate bias on MOS capacitor. (a) Positive ion drift causes a reduction
in the net amount of positive charge near the Si/SiO, interface. The resulting flat band shift is
positive. (b) Charge exchange with the Si substrate, either hole trapping or electron detrapping
causes an increase in the net positive charge at the Si/SiO, interface. The resulting flat band shift
is negative [32].
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As indicated in Figure I-8, at first the phenomenon was remarkable as an increase in positive
charge under negative gate bias implicated a mechanism distinct from the migration of mobile
ions which were of much concern [32].

Although this phenomenon is not a new topic - it was first reported in 1966 [33] -
there are still significant issues to study concerning the nature and modeling of NBTI,
especially in advanced nano-scale devices.

1.3.1.2 Hot Carrier Injection

At small channel dimensions, the electric fields are high near the drain region
resulting in hot carrier (HC) degradation issues. First of all, by using the term “hot” we mean
that the mean carrier energy is significantly larger than that associated with the lattice in
thermal equilibrium, namely £>(3/2)kT. Indeed, electrons (or holes) can gain enough energy
passing through high electric fields so that they are injected into normally “forbidden” regions
of the device, as the gate dielectric, where they can get trapped or lead to generation of
interface traps at the silicon-oxide interface known as fast surface states. As a result,
MOSFET parameters such as threshold voltage, sub-threshold swing and on-current will be
modified limiting the lifetime of the transistor and causing degradation of the ICs
performance.

In general, hot carriers can be introduced into the gate dielectric with 4 different
mechanisms [34]:

1. Channel HC injection

2. Drain avalanche HC injection

3. Secondary generated HC injection
4. Substrate HC injection

In this thesis we are interested mainly in the first case, illustrated in Figure [-9 where
some “lucky” carriers [35] flowing in the MOSFET inverted channel (Vg>V;), gain
significant energy beyond the channel pinch-off point [31].

Injected Carriers
generate defect into
the gate oxide

Energetic carriers
are injected into the

gate oxide
3 ’
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e
...... i - 5
=" Oxide damage
L causes device
parameters shifts
i Id
1
Channel Carriers
gain high energy I Energetic
sx Carriers initiate
Impact lonization
T |
6 =Electron (P= Hole \_____1 Pinch Off Region

Figure I-9 Physical mechanisms participating in the channel HC induced device degradation in
MOSFET in saturation [31].
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1.3.2 Variability issues in MOSFETSs

As new technology nodes with their decreasing geometries come into existence,
process variations in general and especially intra-die (differences between areas on the same
die) and inter-device (differences between “matching” pair devices on the same die)
variations become increasingly significant. As shown in Figure I-10, process variations,
which are observed at several levels and in one way or the other, are related to distance, can
be categorized into global and local variations.
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Figure I-10 Variability at several levels [36].

Additionally, local variability, usually referred to as mismatch, can be further divided
into systematic and stochastic. Systematic mismatch stems from sources that can be predicted,
like asymmetries in layout [37] and therefore it can be reduced to a certain degree by
following more mismatch-aware practices, like for example use of “dummies” in MOS
transistors conception [38].

On the other hand stochastic variations arise from intrinsic sources of random
dispersions within the devices. This means that these variations stem from the random nature
of processing steps in general, for example due to the discrete nature of dopant impurities or
point defects. Stochastic fluctuations are independent of the distance between the devices
under study, and by this they determine the maximal obtainable accuracy within a certain
technology [39]. In this work, we study the stochastic fluctuations of the MOSFET and from
this point on we will refer to this kind of fluctuations as mismatch or local variability.

In general, the physical mechanisms that are responsible for these local fluctuations
were identified as: 1) doping fluctuations in the channel, 2) doping fluctuations in the gate,
which are enhanced by the poly-grain structure of the gate material, 3) fluctuations in fixed-
oxide charge, 4) fluctuations due to Coulomb scattering and 5) fluctuations due to surface
roughness scattering. These mechanisms affect transistor behavior by influencing: 1) the
threshold voltage, 2) the amount of gate depletion, 3) the magnitude of quantum mechanical
effects, 4) the effective field, 5) the amount of carrier screening and 6) the mobility in general.
It was found that none of the above mentioned effects can safely be neglected [39].

Concerning the research on the mismatch phenomenon, the majority of the works
done dates from 1998 and beyond. The first mismatch studies, however, demonstrating that
local fluctuations on MOSFET operation need to be taken into account for accurate modeling
of the weak inversion current, were conducted in 1973 by Van Overstraeten, Declerck and
Broux [40]. Keyes study in 1975 was focused on the creation of a model to predict the
amplitude of the threshold voltage variations, without considering the MOSFET operation
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[41]. One of the most referred to the literature and popular studies has been realized by
Pelgrom in 1989 who translated the mismatch in MOSFET parameters into a mismatch in the
drain current [42]. Indeed, in this work a direct dependency was demonstrated between the
local fluctuations of an electrical MOSFET parameter and the channel area through a
coefficient A. This way, the so-called Pelgrom’s Law was derived:

“The standard deviation of the local variability of a MOSFET parameter is found to be
inversely proportional to the square root of the device area.”

These preliminary studies, in combination with the shrinking of the device
dimensions, have set the ground for increasing research efforts aimed at achieving a deeper
understanding of the causes of mismatch phenomena and characterizing their effects, with the
objective of guaranteeing reliable integrated circuits performance.

1.4 Necessity of compact modeling in MOSFETSs

Device models are essential tools for electronics engineers in order to design and
simulate electronic systems. All integrated circuit designs are verified using circuit simulators
before being reproduced in real silicon since detecting errors early in the design process
avoids the costly and time consuming prototyping. The first circuit simulator, SPICE
(Simulation Program with Integrated Circuit Emphasis), was developed in 1973 by Laurence
Nagel of University of California, Berkeley [43]. Since then, many advanced circuit
simulators have been developed such as HSPICE (Avant!), SSPICE (Silvaco) or SPECTRE
(Cadence), with a single goal of reducing the time-to-market for IC designs.

Electronic circuit simulations demand clearly defined requirements in order to predict
the performance of a CMOS design. First of all, the simulator should be user-friendly, fast
and precise. Second, it should utilize accurate models which are capable to describe the
behavior of the transistors in the circuit. It is obvious that most of the requirements are related
to the device models the simulator applies. Besides, device models form a bridge between the
design world and the manufacturing world with which the designers can design circuits
without worrying about the intricate details of transistor fabrication. The goal of a device
model is to accurately predict the transistor’s electrical characteristics - terminal currents,
charges and capacitances for a given transistor bias and transistor temperature.

In general, device models can be divided in three groups [44]:

% Numerical device models
+ Table look-up models
+ Analytical (or compact) models.

Concerning the first group, there are two- and three-dimensional numerical models
[45]. Both of them use device geometry, doping profiles, and carrier transport equations,
which are solved numerically, to get the device electrical characteristics. The main
disadvantage of this kind of models is that they are computationally intensive and thus they
are not applied for large circuits’ simulations. Regarding the table look-up models, the
measured device current and capacitance are presented as functions of bias voltages and
device sizes in a tabular form for access by the circuit simulators [46]. A disadvantage of this
second category is the need of extensive measurements and large set of tables so that the
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models cover a large range of transistor geometry, bias and temperature. Secondly this kind of
models is based on measured data from measured devices making them non-predictive.

The most popular and appropriate for circuit simulations models are those described
by the third group. Indeed, compact device models describe the device characteristics of a
manufacturing technology by a set of physics-based analytical expressions with technology-
dependent device model parameters that are solved by a circuit simulator for circuit analysis
during IC design [47]. As illustrated in Figure I-11, a compact model consists of a core model
-describing the drain current and capacitance behavior of the device or more precisely of the
MOSFET of a specific technology- along with the various models to account for the effects of
the geometry and physical phenomena in the device. The compact model equations are almost
always long and complex as they describe the device characteristics accurately in all the
operation regimes [48], [49], [50], [S1]. Moreover, to improve the accuracy of the model
fitting parameters are introduced.

Geometry
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Core Model

Process
variability

Structural
effects
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4 Self-heating
effects
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Layout
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Figure I-11 A typical composition of a compact model of a specific technology: the core model
includes the basic behavior of a large area device and is accompanied by models for physical
phenomena within the devices and geometry and other structural effects, while the final compact
model includes all the external phenomena like process variability or layout effects.

Compact models can be further categorized in:

+¢ Threshold-voltage-based models,
+ Surface-potential-based models
% Charge-based models.

Threshold-voltage-based modeling is founded on the computation of the inversion
charge density in the MOSFET channel in terms of the terminal voltages, namely gate and
drain voltages [52]. In this approach a linear approximation is made between the surface
potential and the applied drain and gate voltages. This eliminates the surface potential and
relates the input gate voltage to the output drain current giving a relatively simple current-
voltage equation. In these models all the main parameters are defined based on the threshold
voltage and this is the reason they are called “threshold-voltage-based” models. The initial
version of SPICE models falls into this category. The main advantages of these models are
the simplicity and flexibility to add features resulting from technology advancements. Unlike
the surface-potential-based models based on internal quantities (like potentials etc.), the
threshold-voltage-based models based on experimentally measured external quantities (like
threshold voltage, ideality factor) are expected to be more efficient for low-frequency noise
(LFN/RTN), reliability (NBTI/HCI) and variability compact modelings.

Concerning the charge-based-models, the current is formulated in terms of the
inversion charge density at the source and drain ends of the channel. EKV model [53] for
example falls into this category.
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Finally, the surface-potential-based models are based on the calculation of the
channel potential, as indicated by the term. Although accurate MOSFET device physics is
applied in such models -thus they are more accurate than threshold-voltage-based models-
difficult and complex iterative techniques are required to solve the implicit relations of the
surface-potentials making them unpractical.

To conclude, it is obvious from all the above that in general, the use of compact
models -regardless of the category they fall into- in circuit simulators allows the optimization
of circuit performance for robust IC design and cost-effective IC products. This optimization
is getting more and more difficult as device area is shrinking down. As already mentioned in
the previous sections phenomena like SCEs, variability and reliability issues become critical
for such advanced devices, making extremely difficult and hard the understanding and
prediction of the performance of VLSI circuits containing billions of nano-scale devices.
Therefore nowadays the main motivations for compact model development include [47]:

v" Improving design efficiency using compact models instead of measured data
from billions of transistors with different dimensions operating under
different voltages that are used in an IC chip.

v' Bypassing the conventional manual techniques for design and analysis of
today’s complex VLSI circuits.

v Designing an IC chip under the worst case conditions in order to examine the
manufacturing tolerances before the production.

v Design-for-reliability enabling designers to predict and optimize circuit
performance.

v Design-for-variability performing statistical analysis to optimize circuits in
terms of the induced variability to circuit level.

I.5 Dissertation goals and outline

The progressive scaling-down of CMOS technology has driven the semiconductor
industry for the realization of faster and lower power consumption VLSI circuits and systems.
Currently, silicon technology has entered the nano-CMOS era with 28 nm gate length
MOSFETs in mass production, while sub-10 nm transistor is scheduled for production within
2017 [54], [55]. FDSOI transistors and FinFETs are the most promising architectures for
scaling CMOS devices down to nanometer size, since they allow a significant reduction of the
short channel effects. This dissertation seeks to contribute towards the development of generic
simple and accurate compact models for advanced nano-scale MOSFETSs and more precisely
for FDSOI MOSFETs, suitable for incorporation into design tools, enabling the circuit
designers to make projections beyond the available scaled dimensions and also to achieve
device/circuit co-optimization. In this thesis we have decided to mainly study the FDSOI
technology, because apart from the direct access to different FDSOI technologies, these
devices offer efficiency in many levels. Compared to the fin-shaped field-effect transistors,
the UTBB FDSOI technology has a much simpler fabrication process, thanks to its planar
structure. Furthermore, its back-gate bias option makes it particularly interesting for multi-V,
applications. Nevertheless, as already stated, at the same time serious reliability and
performance issues emerge in such advanced nano-scale CMOS technologies. Besides the
reliability phenomena, another challenge faced by researchers chasing the “scaling trend” is
the transistor local variability.
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Consequently, the motivations of this dissertation on the key issues arising from the
scaling of new-era devices in the modern MOSFET design are two: the development of an
analytical and compact drain current model, valid from weak to strong inversion, below
and above threshold describing accurately the transfer and output characteristics of short-
channel FDSOI devices and the investigation of reliability and variability issues of such
advanced nano-scale transistors.

Chapter II provides a more detailed theoretical and technical background for better
understanding of this dissertation, focusing on the critical MOSFET electrical parameters and
the techniques for their extraction. More precisely, it demonstrates the so-called Y-Function
and Split-CV methodologies for electrical characterization in diverse types of semiconductor
devices based on current-voltage (I-V) and capacitance-voltage (C-V) measureremnts. The
influence of AC signal oscillator level on the effective mobility measurement by split C-V
technique in MOSFETs is also analyzed. Additionally, a new methodology allowing the
extraction of MOSFET parameters is presented, based on the Lambert W (LW) function for
the inversion charge which is valid over the full gate voltage range, i.e. from weak to strong
inversion region and from linear to saturation region. At the end of the chapter, some
fundamental issues concerning characterization of the low-frequency noise (LFN) in
MOSFETs are described.

Chapter III presents the analytical drain current compact modeling in nanoscale
FDSOI MOSFETs. First, simple analytical models for the front and back gate threshold
voltages and ideality factors have been derived in terms of the device geometry parameters
and the applied bias voltages with back gate control. Then, an analytical compact model for
the drain current has been also developed for lightly doped short-channel UTBB FDSOI
MOSFETs with back gate control, accounting for small geometry and other significant in
such technologies effects like, saturation velocity, mobility degradation, quantum mechanical,
velocity overshoot and self-heating effects. Finally, the drain current compact model is
implemented via Verilog-A code for simulation of fundamental circuits in Cadence Spectre.

Chapter 1V is dealing with reliability issues in FDSOI transistors. The hot-carrier
degradation of nanoscale UTBB FDSOI n-MOSFETs has been investigated under different
drain and gate bias stress conditions. The degradation mechanisms have been identified by
combined LFN measurements at room temperature in the frequency and time domains.
Additionally, the impact of the HC degradation on the device parameters has been expressed
with semi-empirical models in terms of the stress time, channel length, drain bias and gate
bias. Based on our analytical compact model of Chapter III, an HC aging model is proposed
enabling to predict the device degradation stressed under different bias conditions, using a
unique set of few model parameters determined for each technology through measurements.
Finally, the NBTI stress characteristics and the recovery behavior under positive bias
temperature stress of HfSiON gate dielectric UTBB FDSOI p-MOSFETs have been
investigated. A model for the NBTI has been developed by considering hole-
trapping/detrapping mechanisms, capturing the temperature and bias voltage dependence.

In Chapter V, studies of variability issues in advanced nano-scale devices are
presented. The main sources of drain and gate current local variability have been thoroughly
studied. First, the impact of the source-drain series resistance mismatch on the drain current
variability has been investigated for 28 nm Bulk MOSFETs. A mismatch model that takes
into consideration the source-drain series resistance local variability has been developed and
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used to extract all mismatch parameters, including o(4V,), o(4p/8) and o(4R,), in the linear
and saturation regions. Then, a detailed statistical characterization of the drain current local
and global variability in sub 15 nm Si/SiGe tri-gate nanowire p-MOSFETs and in 14 nm Si
bulk FinFETs has been conducted. The main local and global variability MOSFET parameters
(a(4V,), a(4B/B), o(4R,,) and a(4n/n)) have been extracted owing to a generalized analytical
mismatch model valid in linear region. Finally, a complete investigation of the gate and drain
current mismatch in advanced FDSOI devices has been performed. In this aspect, a fully
functional drain current mismatch model, valid for any gate and drain bias condition has been
developed. Finally, the drain current compact model of Chapter III implenteded in Verilog-A
code has been used to examine the impact of drain current variability on fundamental circuits
in Cadence Spectre.

An overall summary of this dissertation is presented in Chapter VI, which highlights
the key research contributions and future research directions are suggested.
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IT Characterization techniques and parameter extraction

II.1 Introduction

In this chapter, firstly the basic structure of a MOSFET and the modes of operation
are briefly described in Section II.1, assuming that the fundamental semiconductor concepts
are already known. Next, using the long-channel MOS model, the expression of drain current
as a function of the applied voltage bias is presented in Section I1.2. In view of the fact that
the accurate determination of the MOSFET electrical parameters is essential for
understanding the physics and engineering of the devices, particularly for advanced ultra-
scaled devices, the powerful and useful Y-function method is analyzed in Section I1.3 [56].
Furthermore, the concept of the new modified Y-Function method for parameter extraction of
nanoscale MOSFETs is recalled.

Concerning the extraction of the intrinsic MOSFET parameters, like oxide thickness
t,x, oxide capacitance C,,, effective mobility u.; and doping concentration (N for n-MOS or
N, for p-MOS), the well-known split C-V method is presented in Section II.4. However,
especially regarding the extraction of x4 this methodology always leads to underestimated
mobility values below threshold voltage [10], [57], [58], [59], [60], [61], [62]. A too large
amplitude of the drain voltage, V, could be one of the reasons for this collapse below
threshold due to the extreme non linear /,(V,) characteristics in weak inversion [59]. Another
reason could reside in a systematic difference between the threshold voltage of the inversion
charge O; (deduced from gate-to-channel capacitance C,.) and drain current transfer
characteristics, yielding overestimation of the real inversion charge [59], [60], [62]. Within
this context, one of the aims of this section is to investigate how the u.; extraction is
influenced by the AC signal oscillator level used by the impedance meter to measure the gate-
to-channel capacitance of the MOS transistor. Indeed, as with the amplitude of the drain
voltage in I, measurement, a too large AC signal level could induce a significant
overestimation of the gate-to-channel capacitance below threshold due to the strong non
linearity (exponential dependence) of inversion charge variation with gate voltage.

In Section I.5 a new MOSFET parameter extraction methodology is presented,
which is based on the Lambert W function and allows the exploitation of the full gate voltage
range i.e. from weak to strong inversion region, enabling to fully capture the transition
between subthreshold and above threshold region, despite the reduction of supply voltage. A
lot of methods have been proposed for the MOSFET parameter extraction - one of the most
popular will be described in Section I1.3 - but they are generally restricted to the above
threshold region and mostly assume that the inversion charge varies linearly with gate voltage
overdrive [56], [63], [64], [65], [66], [67], [68], [69], [70], [71], [72]. As the supply voltage
V.4 1s reduced with device scaling, the operating gate bias moves closer to the threshold
voltage (near threshold operation), and the assumption that the inversion charge varies
approximately linearly with gate voltage overdrive becomes less and less accurate. Few
attempts to extend the parameter extraction from above to near threshold region was carried
out using g,/1,(V,) derivative [73], Lambert W function [74] or logarithmic function [75] of
gate voltage overdrive for the inversion charge control, but it was not applied to the entire
gate voltage range from weak to strong inversion. To this end, we first validate the usefulness
of the LW function to describe accurately the gate-to-channel capacitance characteristics
Ce(Vy), and, by turn, the MOSFET inversion charge Q;(V,) from weak to strong inversion
region. Then, in conjunction with the conventional mobility expression, we apply this
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analytical Q;(V,) law for the parameter extraction in advanced MOS devices from a 14 nm
FDSOI CMOS technology. Finally, the new methodology has been validated for a wide range
of back bias voltage and different channel lengths.

In order to characterize the quality and reliability of MOS transistors, low-frequency
noise characteristics are rated especially important, since they can provide information like
the oxide trap distribution and density, as well as the carrier scattering mechanisms.
Furthermore, the scaling down of the transistors has led to the observation of a new type of
noise, namely the random telegraph signal noise (RTN) due to individual carrier trapping at
the silicon-oxide interface. To this aspect, the fundamental noise mechanisms as well as the
basic LFN/RTN models used for the characterization of MOSFETs will be discussed in
Section I1.6.

I1.2 Basic operation of bulk MOS transistors

In this section the basic MOSFET operation principles will be recalled. MOSFET is a
device where minority carriers (electrons for an n-MOS or holes for a p-MOS) flow in a
conducting channel between the source and the drain creating current which is controlled by a
voltage applied to the gate. Figure II-1 presents the basic structure of a bulk n-MOS transistor.
The description that follows refers to the operation of the n-MOSFET, since the p-MOSFET
operates in just the opposite way concerning the carriers and the polarizations. As shown in
Figure II-1, the structure consists of three layers and four terminals, namely the Drain,
Source, Gate and Substrate terminals. Regarding the first layer, the preferred gate material
initially was the polycrystalline silicon. Nevertheless, metal gates with a high-k dielectric are
used in modern CMOS transistors. The intermediate layer constitutes the dielectric layer
which separates the gate terminal from the underlying source and drain terminals as well as
the conducting channel that connects source and drain when the transistor is on, as is
explained below. Finally, the last layer is the doped silicon body where the conducting
channel will be developed.

As can be seen, the body is grounded and a voltage, V, is applied to the gate. In case
the applied voltage is negative (Figure II-1(a)), negative charges will be gathered in the gate
while holes will be accumulated beneath it. Thus, this mode of operation is called
accumulation mode. If a small positive gate voltage is applied (Figure II-1(b)) then we
proceed to the depletion mode, where some positive charges will be gathered in the gate,
while beneath the gate a layer without charges will be developed. Finally, if the applied gate
voltage range is sufficient (Figure II-1(c)), namely V,>V, where V; is a critical gate voltage
value, more positive charges will be attracted to the gate, consistuting an inverted charge with
regards to the initial p-type substrate, this is the reason it is called inversion layer.

Figure II-2 demonstrates an n-MOS transistor and its three regions of operation,
namely the cutoff, linear and saturation regions. When the gate-to-source voltage, Vi, is
lower than the threshold voltage, V,, the transistor is in the cutoff or subthreshold mode of
operation (Figure 11-2(a)). At this state, the source and drain have free electrons, while the
body has free holes [76]. If the source is grounded and the body and drain or source junctions
are zero-biased or reverse-biased, the electron charge is small and the drain current is called
subthreshold current [77], [78]. Only for reasons of simplicity, this current can be sometimes
approximated equal to zero.
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Figure II-1 n-MOS structure illustrating the accumulation (a), depletion (b) and inversion (c)
modes of operation.

When V, is greater than V,, the channel is formed and connects the source and drain
current depends on both the gate and drain voltage, is called linear or triode. If the drain-to-
source voltage, V, is zero (Figure 1I-2(b)), there is no electric field to push the drain current
from drain to source. But as V increases Figure II-2(c), drain current flows through the
channel from drain to source. While ¥ continues increasing, there is a critical value of drain-
to-source voltage, V.. in which the gate-to-channel voltage at the drain end, V,; becomes
equal to V.. Under this condition, namely at V= V, - V, we say that that the channel is
pinched off (Figure 1I-2(d)). Above this drain voltage the channel depends only on the gate
voltage and the transistor is in saturation or active mode of operation.

Mathematically, in order to produce the basic drain current equations for every region
of operation, the MOSFET gradual channel approximation is used. According to this, if a
drain voltage, V, is applied, then the voltage along the channel, U. varies. Consequently, at
every position x (see Figure 1I-1(a)) of the channel, a channel voltage U, is applied, implying
that the charge density in the inversion layer, Q; also varies along the channel. Thus, we have:

dU., “ew
10V ) =W QW )iy = = 1,V 0,)= [ 7000V, )y dU. Eq. 101

0

where W is the channel width and u.; the effective mobility defined in the next
paragraph.
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In subthreshold region, namely in weak inversion where V, <V, the charge in the
channel will be [79]:
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Figure II-2 n-MOS transistor demonstrating cutoff, linear and saturation regions of operation
[76].

Yielding to the exponential drain current equation in weak inversion:

LV((A
Id(VdS’Vgs):IdO l_ekT Eq. 11.3

In strong inversion where V,>V,, we have for the inversion charge:
Qi(Vds’ Vgs) ~ = Cox(Vgs - I/t - Uc) Eq. 11.4

And thus, we obtain the following two equations for the drain current in linear and
saturation region, respectively:

Id(%s’VgS):%':ueﬂ 'Cox'(Vgs_Vt)'Vds lf Vds <Vgs_V; (a) Eq.
Id(Vgs)=1'#eﬂ'Cox-(Vgs—Vt)z if Vo, 2V =V, o

2-L
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I1.2.1 Effective Mobility

As it has been already mentioned, the presence of Vi creates a lateral electric field
along the channel. Therefore, due to this field, each carrier in the channel is accelerated to an
average velocity, v, which will be proportional to it:

v=u-E Eq. 1L6

where u is a constant called mobility [80]. When strong lateral or vertical electric field is
applied, Eq. IL6 is no longer valid since degradation in the carriers’ effective mobility is
observed.

Mobility degradation in the linear region of operation can be modeled by replacing u
with a smaller x.; that is a function of V:

Hy
1+6,, ~v)+6,,, V)

Moy = Eq. IL7

where p, is the low-field mobility, and 0, and 6, are the first and second order mobility
attenuation factors [81]. Parameter 6, describes the phonon scattering due to enhanced
confinement and larger wave function overlap integrals, while 6, describes the surface
roughness scattering.

Concerning the saturation region where higher electric fields are applied the carriers
gain considerable energy from the field so that their velocity reaches a value, the so-called
saturation velocity, v,,. This effect can be introduced to the effective mobility as follows:

Hy

V., Eq. 118
1+ﬂ07L-i 4

sat

ll’leff =

11.2.2 Source-Drain Series Resistance

Another component which has an important impact on the drain current is the Source-
Drain (SD) Series Resistance, Ry. As the channel length is scaled down, the Ry (Ryy= R, + Ry)
contributes more and more to the total device resistance, R, (R.,.= R+ R+ R,) as indicated
in Figure II-3. At this point it should be mentioned that source resistance R, and similarly
drain resistance R,, include all the parasitic resistance elements related to the source and the
drain respectively, as presented in Figure I1-4.
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Figure II-3 Impact of R and R, on the total resistance, R, in a long (a) and a short (b) channel
bulk n-MOSFET.
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Figure II-4 Parasitic resistance elements in MOSFETs [82].

In general, due to the presence of source and drain resistances, R, and R, respectively,
when a gate-to-source and a drain-to-source voltage is applied to the device, then a difference

is observed between these external voltages on the outer pad, indicated as Vg's and V,,
respectively, and the internal voltages Vg, and V. Therefore:

Vgs = Vgs + Rs ' Id Eq' IL9

V=V, +(R +R,) I, Eq. IL10

Consequently, taking into account the SD series resistance, the measured attenuation
factor, 6, is [81]:

6=6,+G, R, Eq. 1111

where 6, is the intrinsic first order mobility attenuation factor and G,, is the static
transconductance parameter:

G, =—C, -y Eq. IL12

II.3 Y-Function Methodology

A powerful and physically meaningful method to extract the MOSFET parameters,
namely V, uy Ly 0, and 0, is the Y-Function. This useful function, firstly presented in [56],
is defined as following:

]d
Eq. 1113
VEn

where /; is the drain current in linear region (Eq. I1.5(a)) and g,, is the transconductance, one
of the most important MOSFET quantities:

Y=

_al,
Enm 5Vgs Eq. 1114
Combining Eq. I11.5(a) and Eq. 11.14 we have:
W wl-e.-v)) (1-0.07,-7.)) Eq.

)Z)z Vdsc’gm:ﬂ(
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where f represents the current gain factor:

p= % Cooe iy Vs Eq. IL16

Consequently, from equations I1.5(a), I1.13 and I1.15, we obtain:

(Vgs_Vt)
~o,(v,, V)

In Figure II-5(a) the calculated Y-Function, Y(7,), is depicted for several gate lengths
of n-MOS transistors issued from a 14 nm FDSOI CMOS technology. In strong inversion the
Y-Function varies linearly with V, and thus, normally the threshold voltage can be extracted
from the x-axis intercept. The current gain factor f# and thus, G,, can also be extracted from
the slope of the curves. Therefore, 1, can be calculated from Eq. I1.12.

Eq. 1117

Yz\/ﬁ-\/1

Afterwards, in order to extract the first and second order mobility attenuation factors,
we define 6,5:

g1

ejf_[d Vgs_l/t

< 0,=0+0, (Vgs - Vz) Eq. IL18

By plotting parameter 6., with the gate overdrive voltage, V,, = V,, - V, for different
gate lengths, we observe that 6, reaches a plateau for high gate overdrive voltages. Indeed, an
example for 14 nm FDSOI n-MOSFETs is presented Figure 11-6(a). Consequently, we obtain
0, from the x-axis intercept of O - (V,-V,) plot and 6, from the corresponding slope.
Therefore, after having extracted 8, for several gate lengths, we can plot #; as a function of
G,.. This plot will ideally, result in a straight line, whose slope corresponds to the SD series
resistance (Eq. II.11). An example of the plot ;- G,, for 14 nm FDSOI devices is illustrated
in Figure I1-6(Db).

As can be seen in Figure II-5(a), the presence of 0, results in a non-linearity of Y(V,)
curves in strong inversion. In order to overcome this problem, we applied the new Y-Function
method [83]. In general, this method relies on i iteration steps, until a linear curve is obtained
(see Figure II-5(b)). More precisely, after having applied the Y-Function as described above

and obtained a first approximation of #,, we make a correction by eliminating the influence of
0.

14 nm FDSOI n-MOS at V,=30mV and v,=0r

0.05L 0.06

o I W=10um

S 004 2 [ —— Y-Function

< r ' 0.04} corrected

8 0'03__ Y-Function

g G0 0.02}

; 001} (a) L=0.018 um
0.00 Locosmesest b : . s

0.0 05 1.0 0.0 0.5 1.0

Gate Voltage, V (V)

Figure II-5 Y-Function as a function of the gate voltage for different gate lengths of n-MOS 14
nm FDSOI devices in linear region (a) and Y-Function before (black line) and after correction (1
iteration step) (red line) of an FDSOI MOSFET with L=0.018 pm (b).
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For this reason it is defined:

Y., (Vgs)= Y,-(Vgs)' \/ 1- 6’2,,-(Vgs - V,)2 Eq. IL19

It is obvious from the example presented in Figure 1I-5(b), that Y-Function becomes more
linear in a wider range of V, in strong inversion even from the first round of iteration and
thus, resulting in a more precise parameter extraction.

14 nm FDSOI_TP?-MOS at V., = 30mV and V, = 0F

8 st o7
‘ o L= i o°
= } 3 um Tl /
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o2k 0018 um © [ y
21 0%
g f (a) [ (b)
-2 . 1 L 1 N 1 ; o° 1 N 1 N 1
027 0% 06 08 0.00 004 008 0.12
V.-V (V) G_(S/V)

Figure I1-6 0. as a function of (V, — V) for different gate lengths of n-MOS 14 nm FDSOI
devices in linear region (a) and the corresponding 0, as a function of G, (b).

I1.4 Split C-V Methodology

Except for the drain current transfer characteristics (/,-V,) in linear region, it is widely
known that capacitance characteristics (C-V) are also useful for transport parameter extraction
in MOSFETs. Especially, split C-V technique is one of the most popular methods for the
extraction of several intrinsic channel properties, like C,,, L4, the flat-band voltage, V5 or the
substrate doping concentration, N4 or Np. This method relies on the mobile channel charge
density measurement and composes of gate-to-channel capacitance, C,., gate-to-bulk
capacitance, Cg, and total capacitance, C,,,, measurements.

Concerning the C,. measurement, this is realized by connecting the “high” terminal of
an LCR-meter to the gate (G) of the device, the “low” terminal to the Source (S) and Drain
(D) and the Substrate (B) to the ground (Figure II-7(a)).

(b) )

Figure II-7 Configuration for C, (a) and C,;, (b) measurements.

On the other hand, in order to obtain the Cy, the gate has to be connected again to the “high”
terminal of the LCR-meter, but this time the substrate to the “low”, while the source and the
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drain have to be grounded (Figure II-7(b)). Finally, the C,, measurement consists of a
superposition of the two previous measurements since Cy,,= Cg.+ Cgp This means that the
gate is connected to the “high” terminal while the source, drain and substrate are shorted and
connected to the “low” terminal.

I1.4.1 Principle of effective mobility extraction

As has been already mentioned, the split C-V technique is one of the most popular
methods for the extraction of the effective mobility in MOSFETs. To achieve this, the
inversion charge, Q;(V,) has to be calculated by integrating the C,.(V,) curves starting from
the accumulation until the inversion region of operation [57], [58]:

Ve max
olv,)= | %ﬁ—(ZidVg Eq. 11.20

Ve

The drain current of a MOSFET in linear operation is given by Eq. I1.5(a). Further, in
the linear regime, where V, is small, the drain current can be expressed in terms of the
inversion charge:

I _% -V, -0
d= Heg Vas Y Eq. 11.21
L,

Thus, the effective mobility can be extracted by combining both drain current and
capacitance measurements in the linear region as a function of the gate voltage.

Le.‘ﬁ" 1 d

W'Vds Ez

Uy = Eq. 1122

11.4.2 Influence of AC signal oscillator level on effective mobility measurement
by split C-V technique in MOSFETSs

When capacitance measurements are performed, some critical points in the
measurement configuration should be taken into account. One of them for example is the
measurement frequency. Usually we select a high frequency range, namely in MHz range, in
order to eliminate the influence of possible interface states, which contribute also to the
capacitance especially in the transition between the accumulation and inversion region.
Another critical point is the choice of the AC signal oscillator level. Thus, we investigated the
impact of the AC signal oscillator level on the effective mobility measurement by split C-V
technique in MOSFETs [84].

I1.4.2.1 Device fabrication process and electrical measurements conditions

Both C,(V,) and I,V,) characteristics were measured on 10x10 um’ nMOS
transistors from an advanced FDSOI technology [85]. The gate stack consists of TiN/Hf-
based oxide dielectric with equivalent oxide thickness 1.2 nm. The channel Si thickness is
about 6-7 nm and the buried oxide BOX is 20 nm thick. Capacitance and drain current
measurements were performed at wafer level with an Agilent B1500 semiconductor
parameter analyzer. The AC signal oscillator level (4V,) was varied from 10 to 250 mV for
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capacitance measurements carried out at 1 MHz frequency. The drain voltage V; for 1,(V,)
acquisition was changed from 5 to 50 mV.

11.4.2.2 Results

Figure II-8 shows typical C,.(V,) and corresponding Q;(V,) characteristics obtained
for various AC signal oscillator levels. Note the huge overestimation of the capacitance and
inversion charge in weak inversion region below threshold (here V,=0.35V) as the oscillator
level increases.

10° 10 |
& 106 ~ 10
10 <
£ 107 Sl
;g., %_ 108
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10 AV, (mV)= 10 10 AV, mV)=
10° | 1019 |
0 0.5 1 0 0.5 1
Vg (V) Vg (V)

(@) (b)

Figure I1-8 Typical Cy(V,) and Q;(V,) characteristics as obtained on 10x10 umz nMOS
transistors for various oscillator levels AV,.

Figure II-9(a) displays typical I,(V,) characteristics obtained with various drain
voltage varying from SmV to 50mV. In Figure II-9(b) are shown the associated u.4(V,) curves
calculated with Eq. I1.22 for various oscillator levels AV, and using the 7,(V,) curve measured
with the smallest V; value (5mV’) for minimizing the error due to V, [59]. Moreover, provided
that the measurement was performed on a large device, the difference between the effective
and the real dimensions is negligible. Note the strong influence of the oscillator level on the
effective mobility below threshold.

10+ I 300 T
10 _
g . Z 200
= 10 —\AEL-
. = 100 [
101 5 V,(mV)= 1= AV, (mV)=
1012 | |
0 0.5 1 0 0.5 1
Vg (V) Vg (V)
(a) (b)

Figure 11-9 a) Typical 14(V,) for various drain voltages and b) p.(V,) characteristics as obtained
on 10x10 um2 n-MOS transistors for various oscillator levels AV, (V4=5mV).
However, even for the smallest oscillator level (here 10mV), u.yis still cancelling out for very
low gate voltage values (here V,<0.15V). This means that, despite the use of very small
oscillator amplitude, the C,. capacitance could not be measured with enough accuracy at very
small gate voltage in order to follow the huge dynamic of O;(V,) and, by turn, of I,(V,)

variations (5-6 decades) in weak inversion.

Figure 1I-10 shows the variations of the inversion charge and associated effective
mobility with the AC signal oscillator amplitude for different values of gate voltage going
from very weak to medium inversion region. As can be seen from this figure, the oscillator
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level has a strong influence on the inversion charge and related effective mobility even for
oscillator level AV, as small as few tens of mV. Actually, the effective mobility decreases
linearly with AV, up to 100mV for gate voltage below threshold. Then, u.; smoothly tends to
zero for large AV, values due to enhanced non linear distortion. Indeed, for gate voltage above
threshold, u.; becomes nearly independent of the oscillator level, as the transistor operates
more and more in linear region at strong inversion regime.
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Figure I1-10 a) Variations of Q; and b) p.¢ with AC signal oscillator level AV, for various gate
voltages (V,=0.2V, 0.3V, 0.5V).

11.4.2.3 Modeling and Simulation

For modeling the impact of the oscillator level on the gate-to-channel capacitance, we
remark that C,. is no longer exactly equal to the derivative of O; with respect to V,, as it
should be for very small AV, values. Instead, we consider that the apparent measured
capacitance, Cy, 1S Now given by the average of the inversion charge variation over one
period of time () of the AC sinusoidal signal, oV,(t) = AV,.sin(2nt/T,), applied on top of the
DC gate voltage such that,

C app(Vg’AVg) =

cg

Eq. 11.23

?Q,»(Vg +V, -0,

1
T &V, (1)

P

where T, is signal period.

The associated apparent inversion charge, Q,,(V, A4V,) is then obtained by
integration over gate voltage of Cy,,,(V,) as done for measured data.

For the inversion charge modeling, we assume that it is well described by a Lambert
W function, which provides a very good analytical approximation of Q;(V,) as shown
elsewhere [86].

For the effective mobility modeling, we adopt an approach combining, using the
Matthiessen rule, a screened Coulomb scattering limited mobility below threshold and a
surface roughness limited mobility well above threshold [87] such that u.; reads as a function
inversion charge,

1 L 1460:(0,1C, )
uc1+0;/0.) Ho

Mo (O) = Eq. 11.24

where uc refers to the unscreened Coulomb mobility below threshold and u, to the phonon
limited low field mobility, &, is the second order mobility attenuation coefficient,
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0.~T.C,/(2q) is a critical charge delineating the unscreened Coulomb scattering upper limit,
C,, is the gate oxide capacitance per unit area and £77/qg is the thermal voltage.

The apparent effective mobility s, 1s then calculated using Eq. I1.22 but with the
apparent inversion charge Qi,,(Vs 4V, and the modeled drain current obtained using the
mobility law u.4(0;) of Eq. 11.24.

By this way, we have been able to reproduce reasonably well both the variations of
the apparent inversion charge Q,,,, and apparent effective mobility u.p,, With the oscillator
level as well as the variation of u,,, with the inversion charge as shown in Figure II-11 and
Figure II-12, respectively.
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Figure II-11 Experimental (symbols) and modeled (solid lines) variations of Q; and peff with AC
signal oscillator level AV, for various gate voltages (V,=0.2V, 0.4V, 0.6V).
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Figure II-12 Experimental (solid lines) and modeled (dashed lines) variations of the effective
mobility peff with the inversion charge density Q;/q for various oscillator levels.

In particular, the huge decrease of u.,,, With the oscillator level is well predicted for low gate
voltage well below threshold. Moreover Figure II-12 shows that the uep,,(O;) curves are
validated down to low inversion charge density - here around 70'/cm’, provided the oscillator
is sufficiently small (< 20 mV). However, for very small inversion charge density (<
1 010/cm2), Cqe. and, by turn, Q; is not measured with enough accuracy to allow for a real
determination of the effective mobility as it is still cancelling out to zero, whatever the
oscillator level is.
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IL.S Lambert-W Function Methodology

The goal of this subsection is to present a new methodology based on the Lambert W
function [88], which allows the extraction of MOSFET parameters over the full gate voltage
range i.e. from weak to strong inversion region, enabling to fully capture the transition
between subthreshold and above threshold region, despite the reduction of supply voltage V,,
[86]. To this end, we first validate the usefulness of the LW function to describe accurately
the gate-to-channel capacitance characteristics Ce.(V,), and, by turn, the MOSFET inversion
charge Qi(V,) from weak to strong inversion region. Then, in conjunction with the
conventional mobility expression, we apply this analytical Q,(V,) law for the parameter
extraction in advanced MOS devices from a 14 nm FDSOI CMOS technology at zero back
bias voltage. Finally, we present a validation of the new approach for a wide range of back
bias voltage and different channel lengths, followed by an overview of the extracted
parameters properties [89].

I1.5.1 Full gate voltage range Lambert-function based methodology for FDSOI
MOSFET parameter extraction

I1.5.1.1 Device fabrication process and electrical measurements conditions

Electrical measurements were performed on both n-MOS and p-MOS transistors
issued from an advanced FDSOI CMOS technology [85]. They were fabricated on (100) SOI
wafers with 20 nm thin BOX and a Si (SiGe for p-MOS) body thinned down to 6 nm. The
mid-gap metal gate/high k dielectric front gate stack features a 1.2 nm equivalent oxide
thickness (EOT) and 1.5 nm for n-MOS and p-MOS respectively. The Si or SiGe channels are
left undoped. The channel length (L) is varying from 3 down to 0.018 pm and the channel
width (W) is fixed at 10 um. Both gate-to-channel capacitance and drain current
measurements were performed for a wide range of back bias voltages (V, = 0V, £1V, £2V,
+3V) using the Agilent B1500/1530 Semiconductor Device Analyzer.

I1.5.1.2 Parameter extraction methodology

The proposed parameter extraction methodology was developed with the following
steps. First, typical C,.(V,) characteristics were obtained on large area 14 nm FDSOI MOS
devices. Note that C,.(V,) measurements were not carried out on smaller area single devices
for accuracy reason, since no specific test structure was available in our test mask with many
devices in parallel for permitting such measurements on small gate lengths. These data were
used to calculate the corresponding inversion charge Q;(V,) and to fit the gate-to-channel
capacitance with a theoretical expression, and extract the gate oxide capacitance per unit area
C,, and the subthreshold ideality factor n. Then, the inversion charge data were fitted with the
LW function based model using three parameters, i.e. C,,, n and the threshold voltage V,,
validating the adequacy of the LW function for describing the inversion charge from weak to
strong inversion in a continuous way.

In a second step, the drain current /,(V,) data obtained in linear region on varying
channel length devices were fitted using the LW based Q;(V,) expression and the standard
three parameter mobility model, including the low field mobility x, and the first order &; and
second order 6, attenuation coefficients [74], [90].
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a) Lambert W function based inversion charge control law with gate voltage

The Lambert W function has been shown to be very efficient for describing Ce.(V,)
characteristics in FDSOI devices [91]. Here, we further verify that it is still applicable to 14
nm FDSOI devices. Indeed, considering the charge conservation equation in FDSOI devices
and the fact that in standard FDSOI the relation C,,,<<C,, is valid, where C,,, is the BOX
oxide capacitance the front gate-to-channel capacitance can be described by:

bQ,(V,)C,

—_— Eq. 11.25
C, +b0,(V,) a

Coe V) =

where b=q/(nkT), n is the ideality factor, ¢ is the electron charge and kT is the thermal energy.

Figure II-13 shows that Eq. I1.25 provides a very good description of Cq.(V,) for 14
nm FDSOI devices both in linear and logarithmic scales using C,, and n in Eq. I1.25 as fitting
parameters. As is usual in split C-V technique, the inversion charge can be deduced by
integration of C,.(V,) curve between V, = 0 and V,. It should be noted that the calculated
maximum fitting error does not exceed =10% over the whole gate voltage range, which is
really good given the large C,. dynamic investigated (= 3 decades).

Therefore, the experimental Q;(V,) characteristics can be reproduced using the
Lambert W function of gate voltage for the inversion charge Q; in terms of the gate oxide
capacitance per unit area C,,, the subthreshold ideality factor n and the threshold voltage V;
[91]:

Vg —Vy
kT q-
Q,-(Vg)=Coxn7LW e kT Eq. I1.26

The Lambert W function can be well approximated as indicated in Eq. 11.27:

Vv, 11'1[1 + ln{l + eq'% JJ
Q,.(Vg)_cmn”m[ne"' ??WJ - — Eq. 1127
1 2+ln[1+eq';’”}
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(a) (b)
Figure I1-13 Experimental (solid lines) and modeled (dashed lines) C,.(V,) characteristics of n-
and p-channel FD-SOI MOSFETs with channel width W =10 pm and channel length L =3 pm.
The modeled results were obtained using the parameters: Co, = 2.6 x 10" F/cm® and n = 1.37 for
the n-MOS device (a) and C,, = 1.44 x 10" F/cm® and n = 1.53 for the p-MOS device (b).
Figure 1I-14 shows that the LW function in I1.26 enables a very good fitting of the
inversion charge from weak to strong inversion using the three parameters C,,, n and V.. In
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this example, a Levenberg-Marquardt non linear regression has been used to extract the best
fitting parameters: C,, = 2.6 x 1 0° F/cmz, n=1.37and V,= 0.30 V in n-MOS devices and C,,
=144 x10°F/em’, n = 1.53 and V,= 0.34 V in p-MOS devices. It should be mentioned that
the extracted values of C,, and n were consistent with those used for the C,.(V,) fitting (see
Figure 1I-13) and the calculated maximum fitting error is no more than = 11% for n-MOS and
~ 25% for p-MOS for the whole V, range. This finding demonstrates that the LW function in
I1.26 constitutes an accurate, continuous and analytical expression for the MOSFET inversion
charge with gate voltage applicable from weak to strong inversion both in linear and
logarithmic scale.
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Figure 11I-14 Experimental (solid lines) and modeled (dashed lines) Qi(Vg) characteristics of n-
and p-channel FD-SOI MOSFETSs with channel width W = 10 pm and channel length L =3 pm.
The modeled results were obtained using the parameters: C,, = 2.6x 10 F/em*, n=1.37 and V, =

0.30 V for the n-MOS device (a) and C,, = 1.44x10° F/cm?, n = 1.53 and V, = 0.34 V for the P-

MOS device (b).

b) MOSFET parameter extraction procedure from drain current characteristics

From the conventional formulation of the effective mobility in strong inversion, i.e.
with gate voltage drive [90], u.; can be expressed with the inversion charge as:

Ho

2
. . Eq. 11.28
1+ 6, Y +6, O; 4
C Cox

Heff =

ox

Since the LW function based inversion charge expression of Equation I1.26 is well
appropriate from weak to strong inversion region; it can be used in Equations 11.21 and I1.28
for a full gate voltage range MOSFET parameter extraction with overall 5 parameters, i.e. V,,
n, ug, 6, and 6. We assume that C, is previously extracted from specific Co.(V})
characteristics measured on large area devices (here W = 10 um and L = 3 um).

In order to optimize the parameter extraction accuracy, the extraction routine is
decomposed in two steps: 1) A first non-linear regression is performed with the log(l,) vs V,
data, enhancing the influence of the subthreshold region and mainly determining ¥, n and u;
i) A second non-linear regression is carried out in linear scale on the /,(V,) data, keeping the
previous values of V,, n, u, parameters and refining the extraction of the remaining mobility
attenuation factors 6; and 6, in strong inversion region.

11.5.1.3 Results and discussion

The previous parameter extraction methodology has been applied to a set of I,(V,)
characteristics measured on MOS devices with varying gate lengths (L = 18 nm to 3 um) from
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a 14 nm FDSOI technology. Figure 1I-15 shows the comparison between experimental and
modeled 7,(V,) curves using best fit parameters obtained from Levenberg-Marquardt non-
linear regression algorithm (see below the gate length dependence of extracted parameters).
Note the excellent agreement obtained from weak to strong inversion with a calculated mean
error of 1.5% for n-MOS and 1.3% for p-MOS for all gate lengths and full gate voltage range.
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Figure II-15 Experimental (solid lines) and modeled (dashed lines) 14(V,) characteristics at
V4=30mV of n-MOS (a, b) and p-MOS (c, d) FD-SOI devices in linear (a, ¢) and logarithmic (b,
d) scales with gate lengths L ranging from 18 nm to 3 pm and channel width W = 10 pm fixed.

Figure II-16 displays the corresponding plot for the transconductance g,.(V,) for all
gate lengths and for specific short and long channel cases. A very good agreement between
experimental data and fitting results is also obtained with a computed mean error of 6.5% for
n-MOS and 4.3% for p-MOS for all gate lengths and V, values.

All the MOSFET parameters, extracted using the full gate voltage range
methodology, are displayed as a function of gate length in Figures 1I-17, 1I-18 and II-19,
along with those obtained using the Y-function method, for the sake of comparison with a
standard strong inversion extraction technique [56]. Note that the ideality factor n obtained
from the LW function based best fit extraction methodology falls in very good agreement
with that directly deduced from the maximum subthreshold slope (Figure 1I-17). Its increase
at small gate length is a consequence of short channel effects, also visible on the V(L) roll off.

Moreover, as seen from Figure II-18, the parameters V, and u, take values close to
those extracted applying the Y-function method, even though slightly different due to the
specificity of each method. However, it is worth noting that they follow the same trend versus
L or G,, emphasizing the consistency of this new methodology. The mobility attenuation
parameter 6, is also well in line with that from Y-function method (Figure 11-19(a) and (b)).
Only the second order parameter &, is larger than the one obtained with the Y-function
method (Figure 1I-19(c) and (d)) but their relatively low values have a small influence on the
effective mobility as compared to 6, especially for small gate lengths. It is likely that, for
small gate length, the 6, values obtained by non linear regression loose sensitivity as
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compared to those extracted by Y-function method. However, we believe that the 6, values
should remain nearly constant with gate length.
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Figure I1-16 Experimental (solid lines) and modeled (dashed lines) g,,(V,) characteristics of n-

MOS (V4&=30mV) (a, ¢) and p-MOS (V4=-30mV) (b, d) FD-SOI devices for all gate lengths (a, b),
for a short channel device (c) and a long channel device (d) with channel width W = 10 pm fixed
for all the cases.
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Figure II-17 Variation of the ideality factor n with gate length in n-MOS (a) and p-MOS (b) FD-
SOI devices. Solid line: n directly extracted from subthreshold slope, dashed line: n extracted
from best fitting.
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Figure II-18 Variation of parameters V. and p, with gate length in n-MOS (a) and p-MOS (b)
FDSOI devices. Solid line: V; and p, extracted from the full gate voltage range LW-function
methodology, dashed line: V, and p, extracted using the Y-function method.
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Figure II-19 Plots of 6, versus G, (a, b) and 0, versus gate length (c, d) in n-MOS (a, c¢) and p-
MOS (b, d) FDSOI devices. The parameters 0; and 0, were extracted from the full gate voltage
range LW-function methodology (solid lines) or from the Y-function method (dashed lines).

As is usual [56], the series resistance Ry can be extracted from the linear dependence
of the first order coefficient 8; with G,, (Figure II-19(a) and (b)). Here for devices with fixed
channel width W=10 um, we found R,;= 84 £2in n-MOS and Ry, = 92 2in p-MOS devices in
good agreement with the values obtained from the Y-function method (respectively R,;,=83 2
and R,,;=87 £).
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Next, in order to emphasize the usefulness of our methodology, we extracted the
MOSFET parameters using different ranges of gate voltage, starting at V,=0) and changing
each time the maximum value of V, (i.e. for Vy,,,=0.4, 0.5, ..., 1V). This way, the parameters
were extracted from weak inversion to either moderate or strong inversion region. As can be
seen from Figure I1-20, for the proposed LW function methodology which encompasses weak
to strong inversion regions, the parameters 7, V,, yy and 6, are roughly stable with V.. down
to 0.4V. Nevertheless, as expected, the influence of the gate voltage range is stronger in the
extraction of uy and @;, which are underestimated when the strong inversion part of the curve
is not fully taken into account.
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Figure 1I-20 Variation of the ideality factor (a), threshold voltage (b), low-field mobility (c) and
first order attenuation factor (d) with the gate length for various gate voltage ranges for nMOS
FDSOI devices.

For each gate length, the effective mobility u.4(V,) has been reconstructed using 11.28
with the best fit parameters (uy, 6; and 6;) and corrected from the R,, effect using the
expression valid in linear region:

__ Hdr
Heff 0 1, Eq. 1129
1-Ryy -
Va
in order to obtain the intrinsic effective mobility u.4(V,) free from series resistance influence.

It is clear from Figures II-21 and I11-22 that, even after the Ry, correction, the effective
mobility still exhibit strong gate length dependence but a weak gate voltage variation. This
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confirms that the main origin of the mobility degradation with gate length is not due to the
series resistance effect but due to the decrease of the low field mobility x, in short channel
devices, likely stemming from enhanced scattering rate near source and drain regions [92],
[93]. It is also worth noting from Figure II-21 that, after R, correction, the intrinsic mobility
Uem shows some little increase above V; before decreasing at strong inversion. This feature
could be due to the negative value of ;) (= -0.5 V'), presumably reflecting the presence of
screened Coulomb scattering that enhances pg around threshold [94].
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Figure II-21 Variation of the effective mobility p.¢ with gate voltage as obtained from full gate

voltage range LW-function methodology without (solid line) and with (dashed line) Ry, correction
in n-MOS (a) and p-MOS (b) FDSOI devices with gate lengths L ranging from 18 nm to 3 pm.
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Figure I1-22 Variation of the effective mobility p. and peg with gate length with V, as a
parameter in n-MOS (a) and p-MOS (b) FD-SOI devices.

I1.5.2 Extension of the LW function parameter extraction methodology to a
wide back gate voltage range

We applied the methodology described in I1.5.1 to extract the electrical parameters of
CMOS FDSOI devices as a function of both front and back gate voltages, as well as the gate
length. In Figure 1I-23(a) and (b), the measured transfer characteristics for ¥V, = 30 mV, with
back bias voltages V, varying from -3 to +3 V, are presented in both linear and semi-
logarithmic plots. It is observed that the fitting results, obtained with the LW function-based
model of I1.26 using V,, uy, 1, 6; and 6, as fitting parameters, are in very good agreement with
the experimental data for a wide range of back bias. It is notable that the calculated mean
error is less than 1.6% for the entire range of V, and V. In order to check further the accuracy
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of the model, the transconductance g, has been examined. Indeed, the computed mean error
was found lower than 9% for all gate lengths and V, and V), values. In Figure II-24 two
examples of the corresponding plot for the transconductance g, (V,) for n-MOS devices with L
=34 nmand L = 0.1 um and W = 10 um fixed are displayed. As it can be seen from these
figures, there is a good agreement between the g, values as calculated from the experimental
data and those obtained by the LW function.
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Figure II-23 Experimental (symbols) and modeled (line) transfer characteristics of n-MOS
FDSOI devices in linear (a) and logarithmic scales (b) with back bias voltage Vz=V|, ranging
from -3V to +3V.
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Figure 11-24 Experimental (symbols) and modeled (line) g,,-V, characteristics of n-MOS FDSOI
devices with L = 0.034 pm (a) and L = 0.1 pm (b).

Next are shown the electrical parameters obtained by the LW function-based method
for all values of V. The expected linear dependence of threshold voltage with ¥, is shown in
Figure II-25(b) proving the consistency of our method with regard to V; roll-off short channel
effect (SCE) and back gate coupling phenomenon. Moreover, as is presented in Figure
II-26(a) the method also well captures the increase of ideality factor at small gate length,
which is extremely important in advanced technologies. As illustrated in 1I-26(b), the ideality
factor is almost constant with the back bias, since the electrostatic integrity remains
unchanged.

The variations of the low field mobility po with ¥, (Figure 11-27(a)) indicate weaker
dependence for small gate length. This is consistent with the huge decrease of u, in short
channel devices for every V, (Figure 1I-27(b)), likely due to strong change of scattering
mechanism in short channels [6]. The first order attenuation factor ¢; depends linearly on G,
(see Figure 1I-28(a)) in agreement with Eq. II.11 for all ¥}, further proving the consistency of
our method. From the 6,-G,, slope, we found an almost constant value of the series resistance
Ry = 85 Q with V,,. The second order attenuation factor 8, does not show specific trend with L
(Figure I1-28(b)) but is increased as V), is reduced due to enhanced vertical electric field and
by turn surface roughness contribution.
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e 2.0F V= a2V 2.0F L =3 down to 0.018 pm
— 1.8} & B 1.8 o0
S 16f % o i g % g 8 8
[ 5] 16? &+2V 16_ 8 bt o 8 8
£ 14[ @% 14F8 8 s § e
2120 12L 8 8 8 © o o
=i fea o 0 go| T8 g g8 ¢ 8 ¢
o 1.0+ n 10_—8 b
= 08F (.a). | o8 - (. ).
10° 107 107 3 2101 2
Gate length, L (cm) Back Gate Voltage, V (V)

Figure II-26 Variations of n extracted from LW-function methodology with gate length (a) and
back gate voltage (b) in n-MOS FD-SOI devices with fixed channel width W=10pm.
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Finally, in order to examine the effect of R,,, we calculated the effective mobility,

Uemy, Without its influence (Eq.

11.29). Figures 1I-29 and II-30 demonstrate the strong
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dependence of both of u.z and x5 on the gate length and the back gate voltage, respectively,
as well as the influence of R,,.
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Figure II-29 Modeled effective mobility versus channel length with (red line) and without (black
line) the series resistance Ry, for V,=-2V (a) and V,= +2V (b).
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Figure II-30 Variation of the effective mobility p . with gate voltage as obtained from full gate
voltage range LW-function methodology without (solid line) and with (dashed line) Ry, correction

for various back gate voltages in n-MOS FDSOI devices with gate lengths L = 0.034 pm (a) and L
=0.1 pm (b).

I1.6 Low-Frequency Noise in Semiconductor Devices

Although noise is an unwanted phenomenon, it is generated in all electronic circuits.
It can be categorized as noise originating from external sources, like adjacent circuits or AC
power lines or noise originating from internal random fluctuations in physical processes
governing the electron transport in a medium. In this manuscript we are interested only in the
second type of noise, namely in the noise of the device, which is a random spontaneous
perturbation of a deterministic signal inherent to the physics of the device [95].

In this context the result of drain current noise in a MOSFET is always a time
variation of the current value around a median value. An example is illustrated in Figure
II-31. In this figure the drain current fluctuations are presented as a function of time, and
consequently we are talking about a time domain measurement. If we use the fast Fourier
transform (FFT), we can also exploit the frequency domain [96], namely the plot S;; as a
function of the frequency f, where S,, = (41,)*/Hz is the power spectral density (PSD).
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Figure II-31 An example of drain current noise in an n-MOS FDSOI transistor with L=0.03pm
and W=0.5um measured in V,=0.2V.

1I.6.1 Fundamental Noise Mechanisms

As dimension of the devices are shrinking more and more, the study of low-frequency
noise becomes more and more crucially important, since //f noise increases as the reciprocal
of the device area [97], [98], [99], [100].

The fundamental noise mechanisms, briefly described below, are the following:
thermal noise, shot noise, Generation-Recombination (G-R) noise, Random Telegraph Signal
(RTS) noise and flicker noise.

11.6.1.1 Thermal Noise

Thermal or “Johnson-Nyquist” or “white” noise can be regarded as the background
noise of any LF fluctuations. This type of noise was firstly measured by John B. Johnson at
Bell Labs in 1926 and explained by Harry Nyquist [101], [102]. Its existence is due to the
random motion of the carriers in the conducting material, which results in a frequency
independent power spectrum. Thus, every resistor produces thermal noise, calculated from the
following equation:

S, = 4kTR [V%IZJ & S, =4kTG [A%IZJ Eq. 1130

where k is the Boltzmann’s constant, 7 is the temperature, R is the resistance and G is the
ohmic conductance. Consequently, every semiconductor device will also produce thermal
noise which will be proportional to its dynamic resistance [103].

11.6.1.2 Shot Noise

Shot or “Poisson” noise was firstly introduced in 1918 by Walter Shottky during his
studies of current fluctuations in vacuum tubes [104]. The shot noise is associated with the
discrete nature of the electrons flowing through a potential barrier, like a p-n junction, during
a period of time. A shot noise is produced when the electrons cross the barrier independently
and randomly, resulting in a PSD:

S, =2qI lA%‘IZJ Eq. 1131

where ¢ is the electron charge and / is the DC current across the barrier.
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11.6.1.3 Generation-Recombination Noise

G-R noise occurs when the phenomenon of carriers trapping-detrapping at a discrete
trap level is taking place in a semiconductor device and the fluctuation duration is random.
More specifically, G-R noise occurs when one of the following phenomena is taking place:

v" recombination of a free electron and a free hole,
generation of a free electron and a free hole,
trapping of a free electron in an empty trap,
trapping of a free hole in a filled trap

AN NERN

The result is a “Lorenzian-like” spectrum [105], which will be described as

following:
A 2
Sz=————7[ﬁ/]
d Hz
Eq. 11.32
fe

where A4 is the plateau at low frequencies and f; the corner frequency above which the spectral
density is proportional to the inverse square of the frequency (see Figure 11-32(b)).

Consequently, if the G-R noise is caused by N carrier number fluctuations due to their
interaction with Ny (empty and filled) traps, then the PSD is given by [95]:

T

S =4. AN —
N 1+ (27 ) r?

Eq. 11.33

In Eq. I1.33, assuming that the Fermi energy level is within a few kT close to the trap energy

level and N>>N7, the variance AN will be:

AN? ==N, Eq. 1134

and 7, the time constant of the transitions:

-1
. =(L+L] Eq. IL35
T T

c e

where 7. and 7, are the capture and emission time of traps, respectively.

11.6.1.4 Random Telegraph Signal Noise

Random telegraph signal or “popcorn” or “burst’ noise, which is observed in small
area devices (surface < lum?) [106], is attributed to individual carrier trapping at the silicon-
oxide interface [107], [108], [109]. It should be emphasized that RTS observation is verified
by the time domain signal. In this case only a few traps are involved and consequently the
drain current can switch between two or more states -as presented in Figure 11-32- due to
random trapping-detrapping of carriers.

Similarly to the G-R noise, the PSD of RTS is also “Lorenzian-like” and is described
by Eq. 11.36 [110].
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Figure II-32 RTS noise example (a) and the corresponding power spectral density (b) produced
by an n-MOS FDSOI transistor with L=0.03 pm and W=0.5 pm measured in V,=0.48 V.
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where A1, is the average drain current RTS amplitude, 7 is given by Eq. I1.35, and A4 is the
space mark ratio:

S, =44-Al’ Eq. 1136

T

A= =f(-1) Eq. IL37
T, +Te

where the capture and emission time of the trap, which are in general determined by
Shockley-Read-Hall statistics, are given by the following equations [111]:

1
=" Eq. 11.38
o ns ' Uth
1
T, =—— Eq. 1139
o - n, 'Uth

where vy, is the thermal velocity, n, the surface carrier concentration and n; the surface carrier
concentration when the Fermi level E equals to the trap energy E,. Furthermore, o is defined:
x!

c=0,¢ * Eq. 1140

where oy is the intrinsic cross-section, an important quantity which characterizes the trap, x;
the in-depth location of the trap into the oxide and A the tunneling attenuation length.
Additionally, the trap occupancy factor f; is:

1
fi= A Eq. IL41

1+e kr

where E, is the trap energy and E,the Fermi level position.

11.6.1.5 Flicker Noise

Flicker or “1/f” noise is the combination of a few Lorenzian-type spectra. In general,
this is the type of noise that dominates in MOSFETs, namely the noise produced by a group
of traps in the gate oxide located at very small distances from the interface (0 to 3 nm) [112].
The PSD is described by:
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Eq. 1142

where K is a constant, £ the drain current exponent and y the frequency exponent. If y=1, then
the density of the traps is uniform in oxide depth and energy. If y<I, then the trap density is
increasing near the Si-SiO, interface, while if y> 1/, the trap density is increasing deeper in the
gate oxide.

11.6.2 Low-Frequency Noise Approaches in Large Area Devices

In general, two physical mechanisms are responsible for the drain current
fluctuations: carrier number fluctuations and/or mobility fluctuations.
I1.6.2.1 Carrier Number and Correlated Mobility Fluctuations Model

As mentioned above, the main source of the flicker noise is the trapping-detrapping
of a group of traps near the gate oxide interface. This interface charge fluctuations 60,
correspond to flatband voltage variations, 0V

— 5Qit

oV, = ——"< Eq. 1143
" mec,,) !
Then, the drain current fluctuations will be:
o, =g, oV, Eq. 1144

where g,, is the device transconductance.

Additionally, the interface charge fluctuations modulate the scattering rate causing a
supplementary mobility change, du.; Thus, the drain current fluctuations can be modeled as
following [113]:

ol,=-g,V, F1p;a.C,O0V, Eq. 1145

sC T ox

“_”

where u.;is the effective mobility and a,. the Coulomb scattering coefficient. The sign
corresponds to acceptor-like traps, while “+” to donor-like traps.

Therefore, the PSD of the drain current variations induced by carrier number
fluctuations with correlated mobility fluctuations (CNF/CMF) will be described by Eq. 11.46:

m

2
1
Sld = griSVfb (1 * ascueffcox g_dj Eq' 11.46

where Sy, is the flatband voltage PSD. If the carrier trapping-detrapping takes place through a
tunneling process, then this parameter has the form:
q°AkTN,

= Eq. 11.47
rfWLC,

where 1 is the tunneling attenuation length. According to [98] A is around /4. N, is the oxide
trap surface state density and y the frequency exponent described in 11.6.1.5.

At this point, it is useful to introduce a new quantity, the so-called input-referred gate
voltage noise, Sy, [113]:
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2
1
SVg = % And SVg = 517/}77 [1 * ascﬂeffcox _dJ Eq. 11.48

m

If the correlated mobility fluctuations do not have a significant impact on the drain
current noise then a,. = 0 and consequently, Sy, = Syp.

11.6.2.2 Hooge Mobility Fluctuations Model

A totally different approach was proposed by Hooge [99]. In this model the drain
current fluctuations are caused by carrier mobility fluctuations, which by turn are induced
only by phonon scattering [114], while each conducting carrier contributes independently to
the mobility fluctuations [99]. According to these assumptions, the PSD is described as
following:

_2 9%
= 1q WLIO,

Eq. 1149

where ay is the Hooge parameter and Q, the inversion charge.

This approach was proven valid only in bulk semiconductors and metals [115], while
was not shown to be applicable in MOSFETSs, where the trapping-detrapping of oxide traps is
dominant.

I1.6.3 Low-Frequency Noise as a Characterization Tool

It is deduced from the above theory that the analysis of LFN measurements has been
proven to be extremely useful for the characterization of traps in semiconductor devices and
for the reliability of the devices as well. At first when an unknown device is characterized, the
dominant noise mechanism and the spatial location of the noise source have to be determined.
For this purpose, the bias and geometry dependence of noise should be studied, usually for a
small drain voltage. The LFN spectra are composed of 1/f and Lorenzian-type noise
components.

Concerning the LFN as a diagnostic tool for the characterization of large area
devices, the slow oxide trap density, N, from Eq. I1.47 can be extracted. Indeed, this quantity
is shown to be extremely important for the evaluation of the oxide quality after applying
specific technological or electrical procedures like for example nitridation [116], [117] and
stressing under uniform [118] or hot carrier injections [118], [119]. Then, the Coulomb
scattering coefficient, o, can also be obtained from Eq. I1.48 in order to characterize the
scattering rate induced by the interface charge fluctuations.

Regarding to the special case of the RTS noise in small area devices, information like
the trap time constants, 7. (Eq. I1.38) and 7, (Eq. 11.39), and consequently the location and the
energy level of the traps can be extracted by the analytical and careful study of the
“Lorenzian-like” spectra. A useful quantity for the extraction of trap characteristics is also the
drain current RTS amplitude. Supposing that the trapping of an elementary charge ¢ in the
channel changes the local conductivity, then the drain current RTS amplitude in a first order
approximation can be calculated as following [100], [118]:

Al
d _ 8w 9 |1_* Eq. 1150
I, I, WLC.\ ¢

ox
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where x; is the distance of the trap to the Si-SiO, interface and ¢, the gate oxide thickness.

I1.7 Summary

As transistors are scaling down the accurate determination of their parameters
becomes more and more essential in order to understand the physics and to proceed to device
optimization. The Y-Function method and the modified Y-Function, suitable for nanoscale
MOSFETs are analyzed.

Additionally, the split C-V technique for the extraction of the intrinsic device
parameters is discussed. More precisely the huge influence of the AC signal oscillator level
on the extracted effective mobility as measured by split C-V technique has been presented. In
fact, due to strong non linearity below threshold, the gate-to-channel and, by turn, the channel
inversion charge increases linearly with the oscillator level, resulting in a decrease of the
extracted effective mobility. The use of small enough oscillator level allows to extracting
reliable u.; values for inversion charge down to 10"°g/cm’ in the very weak inversion region.
A physical model accounting for these observations has been developed, which enables to
obtain a quantitative description of both inversion charge and effective mobility variations
with the oscillator level and the gate voltage.

Furthermore, a new methodology for FDSOI MOSFET parameter extraction was
presented. It was verified that the Lambert W function can describe correctly the inversion
charge with gate voltage in advanced FDSOI devices making it suitable for a full gate voltage
range parameter extraction from weak to strong inversion region. The proposed methodology
which takes into account both the back gate voltages and the channel length can be readily
applied to evaluate all electrical MOSFET parameters, namely n, V,, uy, 6, and 6, in
parametric test routines. Finally, LFN in MOSFETSs and its necessity as a characterization tool
is discussed. Representative LFN models are described theoretically.
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IIT Analytical Compact Modeling in FDSOI MOSFETSs

II1.1 Introduction

As has been already mentioned in Chapter I FDSOI MOSFETs are considered as one
of the best candidates for control of SCEs in future sub-28 nm CMOS generations. In order to
exploit the benefits of FDSOI UTBB transistors, an accurate and fast simulation tool is
required. The threshold voltage is very crucial device parameter for compact modeling of the
drain current and consequently of the low-frequency noise through the transconductance of
the front and back gates [120]. Analytical models of the threshold voltage for FDSOI
MOSFETs have been proposed based on the concept of two dimensional (2D) charge sharing
between gate and source/drain regions, leading to underestimated threshold voltage roll-off
[121], [122]. Using three-zone Green’s function technique to solve the 2D Poisson’s equation,
the front and back surface potentials were determined from which the threshold voltage
expression was obtained [123], [124], [125]. However, although these methods are accurate
for channel lengths down to 0.1 um, they are not suitable for compact modeling as
complicated infinite series expansions are involved. Furthermore, analytical threshold voltage
models were developed in SOl MOSFETSs, where the 2D potential in the silicon body was
derived by satisfying Poisson’s equation only at the front gate/silicon interface [126], [127].

Recently, a simple analytical threshold voltage model of asymmetrical FDSOI
MOSFET has been proposed based on the lateral variations of the front and back surface
potentials [128]. In this model, the threshold voltage is defined as the gate voltage at which
the surface potential becomes twice the Fermi potential from mid-gap. This definition
becomes questionable for modern devices with undoped silicon body and with shrinking the
channel length. In [128], the threshold voltage model has been verified for channel lengths
down to 0.1 um, showing underestimated threshold voltage roll-off at short channel lengths.
Recently, Biswas and Bhattacherjee [129] developed a threshold voltage model for undoped
symmetric double-gate (DG) MOSFETs, in which the impact of the back gate bias and
interface roughness on the threshold voltage is included. However, in this model the threshold
voltage can be determined by the method of iteration using an equation which includes
parameters obtained by numerical solutions of other equations. In [130], a simple analytical
threshold voltage model for nano-scale undoped symmetrical double-gate MOSFETSs has
been developed, defined as the gate voltage at which the minimum carrier charge sheet
density reaches a certain value to achieve the turn-on condition.

One of the main purposes of this Chapter is to extend the work of [130] for
developing fully analytical expressions for the threshold voltage and ideality factor of lightly
doped FDSOI UTBB MOSFETs with asymmetric and independent front and back gates,
capturing the impact of the SCEs and back gate bias on these parameters. The models are
verified with simulation and experimental results of the front and back gate threshold voltage
and ideality factor with variable parameters being the back gate voltage, the drain bias
voltage, the channel length, the silicon thickness, the front gate oxide thickness and the back
gate oxide thickness. Analytical modeling for the threshold voltage and ideality factor with
back gate control is of vital importance for compact modeling of the drain current and
transcapacitances of lightly doped FDSOI UTBB MOSFETs, since such modeling will enable
existing electronic design automation (EDA) tools for single gate devices to accommodate
those new devices.
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In the literature, several compact models for asymmetric independent DG MOSFETSs
have been reported [131], [132], [133], [134], [135], [136], [137], [138], [139], [140], [141].
These models are based on the inversion charge [131], [132], surface potential [133], [134],
[135], [136], [137], [138], [139] and threshold voltage [140], [141]. However, most of them
either concern long-channel devices or are based on numerical techniques which are less
desirable due to the poor speed of simulation. Although the surface potential-based models
become more popular, for independent DG MOSFET they are very complex because of the
three substrate operating modes: inversion, depletion and accumulation. Recently, an accurate
and computationally efficient surface-potential-based model for UTBB SOI MOSFETs has
been presented, which provides accurate results when the interface between body and buried
oxide is depleted and the back gate is biased in the reverse and low forward bias range [138].
Although this model predicts well the behavior of long and short channel devices, equations
for short channel modeling are not discussed. The model presented in [138] has been
extended to capture the substrate depletion effect in short channel devices, but without
capturing the backside inversion effect [142]. Recently, a surface potential compact model
has been proposed covering all operating modes [139]. However, the front surface potential is
calculated from a complicated equation by developing an algorithm requiring different
computation steps and fundamental effects (such as velocity overshoot and self-heating) in
short channel FDSOI devices were not considered. The threshold voltage-based models
predict well the behavior of long-channel devices [140] or short-channel devices in the
substrate accumulation operating mode [141].

In this Chapter, a threshold voltage-based compact model is proposed, which is
accurate for a wide range of back-gate bias in all operating modes and for all channel lengths
using few model parameters. Based on the analytical models for the voltage and ideality
factor, a complete analytical charge-based compact model for the drain current was derived
valid in all regions of operation with back gate control, which includes the channel-length
modulation (CLM), DIBL, saturation velocity, mobility degradation, quantum confinement,
velocity overshoot and self-heating effects. The proposed model has been validated by
comparing the transfer and output characteristics with experimental results and for a wide
range of back gate bias voltages. Finally, the drain current compact model has been
implemented via Verilog-A code for simulation of fundamental circuits in Cadence Spectre.

II1.2 Surface Potential Model Formulation

A schematic cross-section of an asymmetric n-channel FDSOI UTBB MOSFET and
the definition of the geometrical characteristics are shown in Figure I1I-1.

The width of the device is considered to be large to avoid narrow width effects. In
narrow width channels, the 3D Poisson’s equation leads to complicated expression for the
potential distribution, which needs high-class series coefficients to achieve good agreement
between numerical solution and analytical expression [123], [124], [125]. Considering the
depletion charge in Poisson’s equation, in the subthreshold region of lightly doped FDSOI
UTBB MOSFETs, the 2D potential distribution ¢(x,y) along the channel can be expressed
with good accuracy as follows [143]:

ox,y)=p(x,y)+ 0, (x. 0V, Eq. TIL1
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Figure I1I-1 Schematic representation of the UTBB FDSOI MOSFET cross-section, where V=
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Eq.
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The natural length A at any position x along the channel layer is given by:

2
A(x) — gSitoxtSi . 28Sithox + goxtSi + 80)( 28Sitbox + goxtSi x— gox X Eq 1114
2’80,\7 gSi (tox + Z‘box) + 8oxtSi 8Sit0x gSi (tox + tbox) + 8oxtSi gSi toxtSi

where &g; is the dielectric permittivity of silicon, &,, is the dielectric permittivity of the oxide,
t,. 1s the front gate oxide thickness and #,,, is the back gate oxide thickness.

In Eq. lll.2(a) V}; is the built-in potential across the source/drain-channel junctions
given by:

N,N
v, =V, -1n£#j Eq. IIL5
n

i
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with V7, as the thermal voltage, Nsp the donor concentration of the source/drain contacts and
n; the intrinsic carrier concentration of silicon.

Additionally we define Vg' and V, as following:

Vo=V, V4,
e Eq. 11L6
Vszb_V_fb,b

with V, the gate voltage of the front gate, V), the gate voltage of the back gate and V5 V)
are the flat band voltages of the front and back gates, respectively calculated by the following
equations:

N
oy =0y =0V Vo o
I’li Eq.
N 111.7
Vfb’b = Aqoms,b = gom,b - I/l‘h ’ ln n_A (b)

where 4¢,,,r and 4¢,,, are the front and back gate’s work function difference between metal
gate/silicon, respectively and ¢,,, and ¢,,, are the front and back gate’s metal work function
respectively.

From equation II1.4, the natural lengths of the front gate (4;) and back gate (A)
associated with the surface potentials ¢, (x = 0) and ¢, (x = fg;), respectively, are given by:

= ﬂoxtSi(zﬂbox-'-tSi)
. 2(tSi + %ax + ﬂb()x) ((l)

Eq.
IIL.8

(1)

/I — }/tmeSi(zj/tox +tSi)
" 2(l‘Si + ]/[ox + ]/[b()x)

where y =&,/¢€,. . It is noticed that these expressions are exactly the same with Suzuki’s

model [144].

The potential distribution model has been verified by comparing the surface potential with
TCAD simulations employing the commercial device simulator ATLAS [145].

N
o

Y (b)

O  Simulations
—— Model

—_
[&)]
T

O  Simulations
—— Model

e
3

Front Surface Potential (V)

Front Surface Potential (V)
o

10 20 30 40 50
y (nm) y (nm)

Figure III-2 Front surface potential distribution for a typical long channel (L=50 nm) FDSOI
UTBB MOSFET for various values of the back gate voltage V,. Device parameters: tg; = 10 nm,
tox =1 nm, ty,, =10 nm, V,= 0.1V, V4=0.02 V (a) and V4= 1V (b). Symbols are simulation
results and lines are model results.
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The device parameters are: t,, = 1.2 nm, ty,, = 10 nm, ts; = 10 nm, W =10 um, L = 50 nm, N
= 10" em”, Ngp = 10*° cm™ and mid-gap gate metal. Excellent matching is observed between
the numerical simulations and the analytical model for the surface potential along the channel
for different back gate voltages ¥}, as shown in Figure III-2 for both low and high drain
voltages. The model has been validated for several channel dimensions and bias voltages.

II1.3 Threshold Voltage Model

The potential distribution described by Eq. III.1 can be used to model the threshold
voltage of UTBB FDSOI MOSFETs, defined quantitatively as the gate voltage at which the
minimum carrier charge sheet density Q,,, at the effective conductive path reaches a value Oy
adequate to achieve the turn-on condition.

Following the analysis of [130], for effective conductive path located at a distance x
= x. from the front gate interface in weak inversion, the value of V, at which Q,,, = Qusleads
to the simple and explicit expression for the front gate threshold voltage V), :

P b
N N N
Vi =V +A4V, ln(%} - Bf|:Vbi Vi ln(Q;lh; . H '|:Vbi +Vy =V, h{Qﬂg : ﬂ
: Eq.

ntg

I I11.9
-C, [ZVM +V,+ B, COSh(/i_JVI; —,B/.Vb}

f

where Ay, Byand Crare parameters given by:

2L
8e” sinh> L 1+cosh L
24, A
A = A

S WA (b) 1110

¢ = B N ©
A
af[e ! —IJ

where 4; oy and S are obtained from equations III.3 and II1.4 for x = x.. The last term of the
right hand side of Eq. IIL.9 reflects the effect of the back gate voltage V), on V. It is noticed
that for symmetric lightly doped DG MOSFET one has Vi, ;= Vi b, tox = thors Vo =V and Eq.
I11.9 reduces to the threshold voltage of symmetric DG MOSFET [130].

The value of V; meets the threshold condition for the onset of the inversion channel
creation, i.e. V, corresponds to the value of V, which deviates from the exponential
relationship in the /- V, semi-logarithmic plot. Thus, the ideality factor of the front interface 7,
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can be obtained from the derivative of the minimum potential ¢(x,y,.,) with respect to V, at

Ve = Viand is given by:

i L L h
(20, -24,+V, )™ [ei’ —1]
_ 1 ‘ Eq.
= i B L1
' {ei’ +1] (Vbl.—A_/.C)(e‘f —IJ—Vd
where
_ ' Eq.
Ap=a,V,+p,V, .12
L
(Vbi — A, )[el/ - IJ -V,
_ Eq.
K, = 111.13

L L
(V,”. -4, ){el’ - IJ +V, eV

Analogous expressions for the back gate threshold voltage V7, and ideality factor #,
can be derived by replacing: 4, ayand S, with 4, o, and S, obtained from equations II1.3 and
IIL.4 for x = t5;- x., Vs with V5, and by exchanging the bias voltages V, and V), and the gate
capacitances Coyrand Cy.

For large channel length L, the second term of the right hand side of Eq. III.11 tends
to unity and 7, for the front gate interface approaches the ideality factor of long channel
transistor given by:

]7 :L:l_l_ CSi Caxb Eq-
! af Co)gf’ (CSi + Coxb) 111.14

It is mentioned that in actual nanoscale devices, high-k gate dielectrics are used to
control the front gate leakage current, degrading the interface quality compared to the pure
thermal oxide of the BOX. If acceptor-type traps appear at the front gate interface of density
D;,; per unit area per unit energy, the ideality factor 7, and the flat-band voltage V7, which
affects the threshold voltage and DIBL should be modified as:

2
, D, .
77/':77f’+q = _
e, 1115
and
D
V.o o=V _ 9 s Pr Eq.
s =V s C IL.16

oxf'

where gor is the Fermi energy as the device is operated at threshold voltage.
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II1.3.1 Model Validation

I11.3.1.1 Simulation Results

First, the front gate threshold voltage model has been verified by comparing the
model with simulation results obtained using the commercial simulator Atlas (Silvaco).
Extensive device simulations were performed using physical models accounting for the drift-
diffusion (DD) carrier transport using the Boltzmann approximation. In order to simplify the
simulations, we consider constant low-field mobility (1) = 150 ¢m’/Vs) in the subthreshold
region ignoring mobility degradation and saturation velocity vy, = 10" cm/s. The device
parameters are: channel width W = 10 pm, channel length L = 20-90 nm, silicon thickness g
= 10-30 nm, front gate equivalent oxide thickness ¢,, = I-2 nm, back gate oxide thickness #,,,
= 10-30 nm, doping concentration of silicon N, = 10" c¢m”, doping concentration of
source/drain contacts Ngp = 10°° cm™ and mid-gap gate metal with work-function 4.61 eV.
Quantum effects, which become significant as the silicon layer thickness is scaled below 10
nm, were not considered in the TCAD simulations by excluding the Bohm quantum potential
model [145]. However, as the future CMOS devices will be scaled down by both channel
length and Si body thickness, the quantum correction to inversion charge due to gate field
induced electrostatic confinement should be taken into account even for Si body thickness
above 10 nm.

It is noticed that the DD transport model describes accurately the drain current of
single-gate and DG MOSFETs with channel lengths down to 40 nm [146]. For channel
lengths shorter than 30 nm, Quasi-ballistic transport could become more dominant, resulting
in an overestimation of the on-currents compared to the on-currents obtained by the DD
transport. It has been shown that simple modification of the saturation velocity in the DD
model reproduces the same on-current as the Monte Carlo method [146]. However, in the
subthreshold region the DD current is not affected by the ballistic transport as shown in [146],
indicating that the parameters V, and n are correct as extracted from the transfer
characteristics of the DD model.

In the real device applications, the back-gate in UTBB FDSOI is used to tune the
threshold voltage defined by the front-gate. Within this regime, the back-gate is more or less
depleted instead of inverted. As confirmed by numerical simulations [147], the inversion
charge density distribution across the silicon layer of the front gate strongly depends on the
bias V, of the back gate. When the back interface is depleted, i.e. in the negative V), range, the
peak of the inversion charge distribution is close to the front gate interface, suggesting that
the effective conductive path is located near the front gate interface. Larger negative V), value
pushes the peak of the inversion charge distribution closer to the front gate interface. The
relative impact of the back gate bias on the location x,. of the effective conductive path from
the silicon surface can be modeled with the relation:

X B, Eq.
¢ 11.17

~

Si
where the constants 4. and B, are model parameters.

The front gate threshold voltage V, has been calculated from the transfer
characteristics measured at drain voltage V', = 20 m}V using the constant current method [124].
In this method, V), is defined as the V, value for which the normalized drain current Z; o, =
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(L/W)1, reaches a certain magnitude /,.; used as a reference current. The reference current is
defined as the normalized current at V, = V; of long channel device operating at low V7, in
which Vj is extracted using the extrapolation method on the /,-V, curve at V, where the
maximum transconductance occurs [124]. The analytical front gate threshold voltage model
(Eq. II1.9) matches the simulation results for all drain voltages and combinations of device
dimensions. Figures III-3, I1I-4 and III-5 show the simulation results of V', versus L for UTBB
FDSOI MOSFETs with the back gate voltage V), the silicon thickness zg;, the front gate oxide
thickness ¢,,, the back gate oxide thickness #;,, and the drain bias voltage V; as parameters. For
geometrical parameters lying within wide ranges in real device applications [120], [148], i.e.
for L = 20-90 nm, ts; = 10-20 nm, t,, = 1-2 nm and t,,, = 5-30 nm, over wide bias ranges the
resulting model parameters for the effective conductive path are 4. = 0.05, B. = 3.1 V and the
functional dependence of O, on ¥V, has been found to be:
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Figure III-3 Front gate voltage versus channel length for various values of the back gate voltage
Vg =V, of FDSOI UTBB MOSFETS with tg;= 10 nm (a) and for various values of the silicon
thickness tg; with V,; =V, = -2 V (b). The front and back gate oxide thicknesses are t,; = t,, =1
nm and t,y; = tyo, = 10 nm, respectively. Symbols are simulation results and lines are model

results.
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Figure I11-4 Front gate threshold voltage versus channel length for various values of front gate

oxide thickness t,,; = t,, of FDSOI UTBB MOSFETsS with t,,, = t;,, = 10 nm (a) and for various

values of back gate oxide thickness, t;,, with t,,; = t,, = 1.5 nm (b). The channel thickness is tg; =

15 nm and the back gate voltage is V,;, =V, =-2 V. Symbols are simulation results and lines are
model results.
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Figure III-5 Front gate voltage versus channel length for various values of the drain bias voltage
of FDSOI UTBB MOSFET:s with tg; = 10 nm, t, = to, = 1 nm, toy; = tpoy =10 nm and Vy, =V, = -2
V. Symbols are simulation results and lines are model results.

The physical mechanism behind Eq. III.18 consists in the penetration of the drain
field laterally within the BOX toward the source and channel inversion [149]. In this way, the
drain electrode plays a role of a secondary gate contributing to electrostatic induction of
carriers in the inversion layer [149], which is modeled by a decrease of O, with increasing V,
according to Eq. III.18. Figure I1I-6 shows the dependence of the front gate threshold voltage
on the back gate bias V. The threshold voltage V, increases almost linearly with |V;| for
channel lengths 20 and 70 nm. The results of Figure III-6 show that the short-channel
immunity is rather insensitive to the back gate bias. The above results demonstrate the
validity of the proposed threshold voltage model for ratio #5/L, controlling the electrostatic
integrity of the device, up to 1.

The back gate threshold voltage V), has been derived using the critical threshold
carrier charge sheet density O, adequate to achieve the turn-on condition, defined as:

A

)
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Figure III-6 Front gate threshold voltage versus channel length for various values of the back
gate bias voltage V4, =V, of FDSOI UTBB MOSFETs with tg; = 10 nm, to,; = t,x = 1 nm, t,; = tpey
=20 nm and channel lengths L = 20 and 70 nm. Symbols are simulation results and lines are
model results.
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The dependence of the back gate threshold voltage V;, on the channel length is shown
in Figure III-7 for different values of V,. As can be seen, the present model predicts with very
good accuracy also the back gate threshold voltage for different front gate biases.
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Figure III-7 Back gate threshold voltage versus channel length for various values of the front
gate voltage V,; =V, of FDSOI UTBB MOSFET: with tg; = 10 nm, t, = t,, = 1 nm and t,, = tye,
=10 nm. Symbols are simulation results and lines are model results.

The DIBL effect, which characterizes the SCEs, is defined as the difference between
the linear (¥, = 0.02 V) and saturation (Ve = 1 V) threshold voltages. From Eq. II1.9, the
DIBL parameter of the front gate UTBB FDSOI MOSFETSs can be written as:

, N N
D[BL/ — Ajl/th ln chf,low + B/- Vhi _ I/th 1n chf,hzzgh A . Vvd o vai _ I/th ln chf,hzzgh A
‘ ch/',high ’ 'l i nlg Eq.

I11.20
Q ’owN Q 'owN
- Bf|:Vbl - I/th hl( tthz < : Vd,luw Vh[ - Vth ln th;:zt < + C/ (Vd,high - I/d,/ow)
i°Si

ntg

The variation with channel length of the DIBL, coefficient described by Eq. I11.20
shows good agreement with the numerical results for a FDSOI MOSFET with ¢,, = I nm, t;,,
= 10 nm, ts;= 10 nm and V;, = -2 V as shown in Figure III-8, confirming the accuracy of the
Viy model. It is observed that the parameter DIBL,is degraded for channel lengths below 40
nm due to enhancement of the V) roll-off with decreasing L at a constant V, as shown in
Figure II1-5.
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Figure III-8 DIBL versus channel length for FDSOI UTBB MOSFETS with tg; = 10 nm, t,,; = t,
=1nm, t,y =t =10 nm and V,, =V, = -2V, Symbols are simulation results and lines are model
results.
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II1.3.1.2 Experimental Results

Furthermore, the front gate threshold voltage model has been verified by comparing
the model with experimental results. The devices measured for this purpose are n-channel
transistors issued from 14 nm FDSOI CMOS technology with channel width W = 10 um and
channel lengths L = 17, 37 and 87 nm, fabricated in LETI-CEA in France. The doping
concentration of the channel is N, = 10" cm” and the doping concentration of the
source/drain contacts is Ngp = 10°’ cm™ The front gate stack consists of TiN/Hf-based oxide
with equivalent oxide thickness 1.2 nm, the back gate oxide thickness is 10 nm and the silicon
film thickness is 8.7 nm [148]. The front gate threshold voltage and ideality factor were
extracted from the transfer characteristics, measured at V, = 30 mV and different back gate
voltages V.

In the experimental UTBB FDSOI MOSFETs, as the silicon thickness is scaled below
10 nm, structural confinement and transverse electric field-induced confinement lead to
carrier-energy quantization, which results in increased V, and degraded gate capacitance or
reduced inversion charge [150]. Thus, for complete threshold voltage modeling considering
for structural confinement along the silicon thickness direction the lowest-subband, the
quantum effects are modelled with increasing the threshold voltages V,yand V, by the amount
[151], [152]:

2
A VQM — (7[ h) Eq-
" 2gmyt 11.21

where 7 is the reduced Planck’s constant and m, is the effective mass of electrons along the
confinement direction (e.g. m; = 0.7 my, where m is the free electron mass). In addition to
the structural confinement, quantum distribution of the inversion charge results in an increase
of the front gate oxide thickness by [151], [152]:

&
O = 4 AzZex Eq.
g, 11122
where Az = 0.3 nm. The quantum effect of the inversion charge distribution on the back gate
oxide is negligible due to its large thickness. Thus, including the quantum effects, ¢, is

replaced with tonM and Vi with v, +AV2" . The experimental plots of ¥, versus L for different

back gate voltages V,, at V;, = 0.03 V and the results obtained by our model are shown in
Figure III-9(a). It is observed that the V), values from the analytical model are in close
proximity with the experimental results. It is emphasized that threshold voltage shift due to
interface roughness is insignificant for channel thickness exceeding 5 nm [129].

The variation of the measured front gate ideality factor #,.., with the gate length for
different back gate voltages V, for the experimental devices are presented in Figure I11-9(b).
When the back-gate is biased in the depletion mode (V) = -4 V), the measured ideality factor
Nymeas Of long channel devices coincides with the ideality factor of the front interface 7
calculated from Eq. III.14. For channel lengths below 40 nm, 7., is degraded due to the
SCEs. By changing the bias voltage of the back gate from depletion to the inversion mode (V,
= +4 V), 111 meas Of long channel devices increases approaching the value of the ideality factor
of the back interface #, = 3.44 calculated from an expression analogous to Eq. III.14 by
exchanging C,, and C,y. This experimental finding indicates the involvement of the back
gate in the measured ideality factor of the front gate. Taking into account the relative impact
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of the back gate interface on the ideality factor of the front gate, the measured ideality factor
Nfmeas CAN be modeled as:

X, Ry
Nt meas = ﬂf[l - t_;j +17, t_; II}i?Z.S
where the normalized effective conductive path x./% is given by Eq. III.17 in terms of the
back-gate bias. Using the function for the critical threshold carrier sheet density (Eq. I11.18),
the #meqs values from the analytical model are in good agreement with the experimental
results as shown in Figure III-9(b). Thus, the overall results show that the presented analytical
models of the threshold voltage and ideality factor for the front and back gates of FDSOI
UTBB MOSFETs are in good agreement with simulation and experimental results within a
wide range of bias voltages and device dimensions.

30

-
==l

h
o

4]
T

[==l
[=+]
m
N
Front Gate Ideality Factor
[3N]
(=]

Threshold Voltage, V {V)
o
(o))

o
o
o

1

20 40 60 80 100 ) 20 40 60 80 100
Channel Length, L{nm) Channel Length, L{nm)

(@ (b)

Figure II1-9 Front gate threshold voltage versus channel length (a) and front gate ideality factor
versus channel length (b) for various values of back gate voltage V,, = V), of experimental FDSOI
UTBB MOSFETS with tg; = 8.7 nm, t,, = 1.2 nm and t;,, = 10 nm measured at V4, =0.03 V.
Symbols are experimental results and lines are model results.

I11.3.2 Improvement of the Threshold Voltage Model: Analytical Threshold
Voltage Model

The threshold voltage described in the previous section [153] is defined quantitatively
as the gate voltage at which the minimum carrier charge sheet density at the effective
conductive path reaches a value O, adequate to achieve the turn-on condition. The empirical
expression for O, (equations I11.18 and II1.19) has been derived in terms of the drain bias V,
the device geometrical parameters and the effective conductive path parameters to fit the
model with simulated results. In this section, we derive an analytical threshold voltage model
for FDSOI MOSFETs, using a definition from the literature based on the electron density at
the front and back channels simultaneously [154].

In deep submicrometer FDSOI MOSFETs, it has been shown that the threshold
voltage can be defined analytically and with good accuracy as the gate voltage at which the
sum of the electron densities at the front and the back channels reaches the doping density of
the silicon body [154]. Considering that the work functions of the front and back metal gates
are close, in the case where the front gate oxide is much thinner, the case for dominance of
the front channel is sufficient to explain the experimental results for a wide range of back gate
bias. Furthermore, to derive analytical expression for the threshold voltage, the effective
conductive path concept, which has already been introduced in the previous section, should be
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accounted for [153]. Thus, for thinner front gate oxide, the threshold voltage is defined as the
gate voltage at which the electron density at the effective conductive path located at a distance
x = x. from the front interface is equal to the doping density N, of the silicon body, i.e.:

l5e.yn) Eq.
Vw —
ne =N, 111.24

1

where ¢(x.y,) (Eq. IIL.1) is the channel potential at the conductive path x. and the position y,,
of the minimum potential which shows weak dependence on the gate voltage in the
subthreshold region [155], V, is the thermal voltage and »; is the intrinsic carrier
concentration of silicon.

Thus, using the surface potential model described above, the front gate threshold
voltage can be derived from the relation:

1 (%2 10 (%3 )V Eq.

Vi

ne =N, 11.25

from which we obtain the explicit expression:

- 1(’%)%)
v, N, E
V=V, , +——%—In|—2Le " q-
o= ) ( P j 111.26

i

In Eq. II1.26, the V, dependence on V) is captured through the potential ¢;(x.y,) which is
described by Eq. I11.2(a).

For compact modeling, the quantum confinement effect has been considered in the
model with decreasing the semiconductor work function ¢, by the minimum energy of the
lowest conduction sub-band to a new work function ¢, [156]. Thus, the shift in V; due to
quantum confinement is included in the model considering the work function difference as
[156]:

—0 — Eq.
A Q= (pm Qvnew 111.27
where ¢,, is the gate metal work function. The shift in the threshold voltage due to the
quantum confinement is:

2.178 Eq.
2

AV, =0.085+
I11.28

i
proposed in BSIM-IMG [138], where g is expressed in nm. The application of compact
models in ultra thin symmetric common double gate and asymmetric independent double gate
MOSFETs demonstrates that the threshold voltage shift due to structural confinement is
sufficient to predict with good accuracy the current-voltage characteristics, without
considering the quantum degradation of the gate capacitance [138], [156].

The threshold voltage model has been verified by comparing the model with
experimental results. The devices measured are n-MOS transistors with back-plane, issued
from 28 nm FDSOI CMOS technology with channel width W = 0.5 um, channel length L =
30 nm, fabricated by ST Microelectronics in France [157]. The doping concentration of the
channel is N, ~ 10” ¢m™ and the doping concentration of the source/drain contacts is Ny =
10°° cm™. The front gate stack consists of TiN/HfO,-based dielectric with equivalent oxide
thickness 1.55 nm, the BOX thickness is 25 nm and the silicon film thickness is 7 nm. The
change of the TiN work function from 4.3 to 4.65 eV depending on the process parameters
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[158] and the variability of the TiN work function due to grain-orientation [159] introduce
uncertainty for determining A¢,,, The substrate is standard p-type lightly doped silicon,
implanted with In to form a thin localized highly doped (~ 10" cm™) p-type layer underneath
the BOX. Taking the value of 4.05 eV for the electron affinity of the silicon, the determined
work function difference for the back gate is ¢,,, = 0.17 V. Considering a decrease of the
silicon work function by about 0.13 V due to quantum confinement for ¢;; = 7 nm, then it is
Oump=03V.

Figure 1II-10 shows the dependence of the front gate threshold voltage V, on the back
gate bias V. The values of V) calculated from the model are compared with the experimental
values extracted from the transconductance linear extrapolation method [155], as both values
are determined at the onset of inversion. The impact of the back gate bias on the location of
the effective conductive path x, has been modeled with the empirical relations:

&)
e o g %) i v, <0 (@)
tsl' Eq.

X _ 111.2

t—":AC+O.04Vb if 7,>0 (b)

Si
which are in qualitative agreement with simulation results of the mean channel position in
UTBB FDSOI MOSFETs [160]. The model values of V, were obtained using ¢,,, = 0.37 V,
A. = 0.2 and B. = 3.1 V for the devices of the investigated SOI technology. It is noticed that
@my = 0.37 V is primarily an adjustment to the real V, values, which includes the ¥V, shift due
to quantum confinement [138] and interface traps [153], in addition to the work function
difference between metal gate and silicon. The results of Figure III-10 demonstrate the
validity of the modified threshold voltage model. The parameters 49, 4. and B, extracted
from the experimental data of V', versus V), are used in the drain current model, described in

the next section.
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3 2 1 0 1 2 3
Back Gate Bias, qu(V)

Figure I11-10 Front gate threshold voltage V versus back gate voltage V,, =V}, of UTBB FDSOI
MOSFET with W = 0.5 pm, L = 30 nm, t,, = 1.55 nm, t;,,, =25 nm, tg; =7 nm and N, = 10" em™

Concerning the improvement in the modelling of the increase of the front gate oxide
thickness due to quantum distribution of the inversion charge, this effect is taken into account
in modifying the ideality factor prior the drain current calculation. In UTBB FDSOI
MOSFETs, positive ¥, moves the mean channel position deeper away from the front gate
interface into the silicon film [160]. Thus, in addition to the threshold voltage described by
Eq. II1.26 in terms of the mean channel position, the following back gate bias dependent
equivalent thicknesses for the front gate oxide and silicon body are applied to 7, (Eq. III.11)
to refine afterwards, the drain current calculation [160]:
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I11.4 Analytical Drain Current Model

In charge-based models, the drain current calculation is usually based on the linear or
exponential dependence of the channel charge density in the strong or in the subthreshold
regions of operation, respectively. In independent asymmetric double gate device operation,
the front interface charge becomes relevant to compute the drain current by defining the
threshold voltage and ideality factor at an effective conductive path controlled by the back
gate bias [153]. Starting from the channel charges, in subthreshold region the charge sheet
density is defined as [141]:

Ve Ve =y ¥y

wi NV Eq.
0" =n ; ngf V,e IIL.31
and in strong inversion region it becomes:
Si Eq‘
Qi - Cw.ff (Vz - Vlf —y Vy) 11132

In equations II1.31 and 1I1.32, C,,ris the front gate oxide capacitance per unit area, 7
is the ideality factor of the front gate interface and V), the quasi Fermi potential in the channel
(¥, = 0 at the source and V), = V, at the drain). The short-channel effects and the coupling of
the front and back gates are included in these equations through the parameters V, and 7
[153].

In order to obtain a single expression for the inversion charge density denoted by O,
valid from the sub-threshold to the strong inversion region, the first order approximation of
the Lambert W-function has been used:

Vo=V =1, V,
0 = y Coxf Vi ll‘l{l +e J Hliflés
Using the normalized inversion sheet charge density
q: = L Eq.
Cou Vs 1134

which is valid in all regions of operation, Eq. I11.33 becomes:

Ve=Vy =17V,
g, =n,In 1+e " 11135

The expression for the drain current is derived taking into account the charge
distribution in the entire channel instead of the charge sheet approximation, which introduces
some error in the moderate inversion region. Based on drift-diffusion transport, the drain
current at any point y in the channel is given by [138]:

67



_ Ty Eq.
Ids - Wlu Ca)gf V;h q; dy 111.36

where g is the electron mobility, W is the gate width and L is the gate length. With including
the carrier saturation velocity effect, the mobility can be approximated as follows [156]:

P Hey _ Heyr E
) v q
Ly M (40| Hear Vi da, 1L37
U.yat dy ‘ US”’ dy

where ¢, is the surface potential, vy, is the saturation velocity with best value in MOS
transistors ~ 2 x 10" em/s [161] and Uy 1s the effective carrier mobility which includes the
effect of the transversal field. From Eq. I11.35, we obtain:
~4
%:'Lf e —1 dl Eq.
dy ¥, dy 11138
Using equations I11.37, II1.38, integration from the source to the drain results in the

following drain current equation in terms of the normalized charges at the source (¢,) and
drain (gq,) electrodes:

fue.ff

Hey Vi
L+#070( —g,)

sat

94
Co)_cf Q j —Zi aq,; Eq.
Nra o _1 1113

The integral in Eq. II1.39 can be written in terms of a dilogarithm function:

qa
Wity C,o Vir o 7
I, = ‘;ff T s pozy1og{2.1—e”f}”6 Eq.
11140
L+~ (g, ~q,)

sat

qs

In order to express the drain current equation explicitly in terms of the charge
densities ¢, and ¢q,, in Eq. I11.40 the dilogarithm function is replaced by the first two terms of
the Taylor series expansion as:

qi 2
_e =4 | 4 Eq.
poly log{zl e J— " {2771‘] 11141
In Eq. 111.41, the error between the exact value of the dilogarithm function of the left
hand side and the analytical function of the right hand side is up to about 60% in the strong

inversion region, as shown in Fig. III-11. This error is minimized with the analytical function
(Eq. 11.42) for the dilogarithm function (Fig. III-11):

4 2

_o =4 4 Eq.

P Olylog(z'l ¢ J n, 2n’ 1142
- f

This analytical function (Eq. 111.42) is used in Eq. II1.40 for compact modeling
purpose. Thus, combining these two equations, we obtain the following analytical expression
for 1, in terms of the normalized charges ¢, and g,:
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Figure III-11 Dilogarithm function of Eq. II1.41 and analytical function of the right hand side of
Eq. II1.41 as a function of q;/n; showing large error in the strong inversion region. The error is
minimized using the optimized analytical function of Eq. I11.42.

We note that Eq. 111.43 constitutes the basic structure of compact drain current models like

Berkeley Short-channel IGFET model (BSIM) [156], [162].

The effective mobility ., degradation due to the vertical gate field is expressed in
terms of the charge at the source side g, as [163]:

Hy Eq.

Iueff B 1 + elVlh qs + 92 (Vth qs )2 11144

where 1 is the low-field mobility, €, and &, are the mobility attenuation factors of first and
second order, which can be extracted from experimental data at low drain voltage using a
modified Y-function method, as described in Section II.3. The parameter 6, is correlated to
the surface roughness scattering, while &; includes phonon scattering and Coulomb scattering.

Taking into account the effect of the series resistance Ry,, the mobility attenuation factor 6, is
described by Eq. IL11.

In saturation region, based on [103], [164] the channel length shortening AL due to
the channel length modulation effect can be modelled as:

3
(Vds - Vdsat + 005)tanh(Vd‘J
dsat Eq.

AL=,1In) 1+ v, 11145

where A, is the natural length at the conductive path and V7 is a fitting parameter. It should be
noted that Eq. 111.43 will lead to an implicit expression for the saturation drain voltage V.
Considering that the second charge term in the brackets of Eq. 1I1.43 is dominant in the
above-threshold region, an explicit expression for V,, can be obtained from the relation
dl/dV, = 0 yielding:
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Including the channel length modulation effect, the drain current equation becomes:

Wity C,. Vi 1
I, = ﬂﬂ Cor {(qs -4, )+g(qf -4*) Eq.
eff " th
Ly+~""(q,~q,) f 11147
where
=L- Eq.
b =L -AL 11148

The first charge term in the brackets of Eq. [I11.47 dominates in weak inversion, while
the second charge term in the brackets and the charge term in the denominator dominate in
the strong inversion region. As the threshold voltage V' is determined at the onset of inversion
[153], we found that for a smooth transition from weak to strong inversion, the charge of
weak inversion should be obtained from Eq. II1.35 with increasing ¥V, by 2.5xV}, and the
charge terms of strong inversion with increasing V,y by 5xV,.

111.4.1 Improvement of the Drain Current Compact Model

The SCEs, the mobility degradation, the saturation velocity, the quantum-mechanical
effects (QMESs) and the coupling of front-back gates were already taken into account in the
model through the threshold voltage, the sub-threshold swing coefficient and the carrier
mobility. In order to improve the accuracy of the model, we include some other important
effects, namely, the velocity overshoot and the self-heating effects.

In short-channel transistors, in contrast to the classical drift-diffusion models, the
saturated velocity in the saturation region can achieve higher values than vy, due to non-
stationary effects. This phenomenon is known as velocity overshoot (VO) [165]. Taking into
consideration the velocity overshoot effect for nanoscale devices, the contribution of the
velocity overshoot in Eq. II1.47 is introduced in a simple way by adding a term in the
saturation velocity as [165]:

2ﬂ/w Eq_
111.49

Usat,vo = Usat(l +

where A, is the energy-relaxation length defined as A, ~ 2v,,7, , with 7, being the energy
relaxation time constant.

Due to the thin silicon thickness in short UTBB FDSOI devices, the self-heating (SH)
effect is expected to be significant [166]. Experimental evidence for the presence of SH
effects in the investigated UTBB FDSOI transistors has been presented in a recent work
[167]. Due to the ultra-thin body, very small channel length and thin-BOX of the fully-
depleted device, heat conduction from the channel to the substrate is very quick. Therefore,
the rise of the lattice temperature can be assumed to be uniform throughout the channel, and ,
in turn, linearly related to the power dissipated in the device as [140], [166]:

Eq.
T - T(') = Rth Vdslds IIITISO
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where T is the lattice temperature, 7)) is the ambient temperature and R, is the thermal
resistance:

_ L b, Eq.
WK, Kt 1L51

th

with K,, = 1.4 W/m-K and Kg; = 63 W/m-K the thermal conductivities of SiO, and silicon,
respectively. Once the lattice temperature 7 is obtained, the saturation velocity, the threshold
voltage and the mobility have to be recalculated to obtain the drain current at that
temperature. For typical temperature rise by 80 K, the saturation velocity v,, = 2.4 x 10'/(1 +
0.8 x exp(T/600)) decreases from 1.03 x 107 cm/s at 300 K to 0.96 x 107 cr/s at 380 K. Thus,
Uy.; has weak temperature dependence and it can be considered constant in our model.
Furthermore, it has been demonstrated that in lightly doped UTBB SOI MOSFETs the effect
of temperature on the threshold voltage is negligible [168].

In addition to the mobility reduction due to the vertical gate oxide field as described
by Eq. 1I1.44, the carrier mobility is degraded with increasing the temperature by the SH
effect due to different scattering mechanisms. Whereas in TCAD simulations the local
temperature is considered, in compact modeling the mobility cannot be explicitly derived
considering local temperature variations. For compact modeling, taking uniform the lattice
temperature throughout the channel of nanoscale UTBB FDSOI devices [140], [166] and
considering as is usual a power law for the temperature dependence of the mobility,the
effective mobility z,, at temperature 7 is expressed in terms of the effective mobility 1. at
the ambient temperature 7 as:

N Hey

Hepsn = lueff( j = r Eq.
T
(1 N R,th.dej 111.52

0

where 7 is a fitting parameter. Note that for typical UTBB SOI devices, the term R,V l,/T) is
of the order of 107, which makes possible the first order expansion of the power term in Eq.
II1.52 as:

Hersn ® S S Eq
of sh ™ R Ji .
147 th;{ds ds 11153

0

In Eq. 111.47, substituting 4 with g4, we get a quadratic expression in terms of /y
the solution of which is given by:

;o — A, ++ A2 +44,4, Eq.

ds 2 Al 111.54
where:
Wity Coi Var 1
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off Ny Eq.
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111.4.2 Drain Current Model Validation

The drain current compact model has been verified by comparing the model with
experimental results. The devices measured are n-MOS transistors with back-plane, issued
from 28 nm FDSOI CMOS technology with channel width W = 0.5 um and channel length L
= 30 and 240 nm as described in section II. The parameters of the device under study,
extracted from the transfer characteristics measured at V,, = 30 mV at different back gate
voltages using the Y-function method [83], are listed in Table III-1. It is noted that the
mobility is close to 93.5 cmZ/Vs, while the parameters €, and 6, are increased with negative V),
due to stronger surface roughness and phonon scattering mechanisms at the front interface.
This is consistent with the finding that the effective carrier mobility is degraded by the
proximity with the HfO,-based front gate dielectric [169].

I /' T Y (5 /A 20 J % A 2 T Y \ 0 I
e 93.0 0.70 0.67
] 93.5 0.60 0.60
s 94.0 0.50 0.60
o 93.5 0.40 0.55
s 95.0 0.37 0.50
] 93.5 0.40 0.42
s 93.0 0.40 0.42

Table III-1 Extracted mobility parameters for UTBB FDSOI MOSFET with L =30 nm.

Figures IlI-12(a) and (b) present the measured transfer characteristics for V, = 0.1
and / V, with back bias voltages V), varying from -3 to +3 V and Figures I1I-13(a), (b) the
output characteristics with parameter the front gate bias V, and different V), values. Good
agreement between model results and experimental measurements in all operation regimes
and for a wide range of back bias is obtained, using fixed values for the parameters: ¢,,, =
0.37 V for the front gate, ¢,,, = 0.3 V for the back gate, Vy = 0.5V, 4, = 100 and 70 nm for
V, <0 and V, > 0, respectively and » = 0.5, which is close to the value of » = 0.6 found for
nanoscale (L = 22 nm) DG MOSFETs [170]. The low value of the temperature exponent r in
nanoscale FD-SOI devices has been confirmed from experimental measurements of the
electron mobility with temperature [171], [172]. It has been found that the mobility
temperature exponent decreases as the gate length is reduced, which is attributed to
attenuation of the phonon scattering mechanism with respect to the source/drain process-
induced defect scattering mechanism [172].

Figures Ill-14(a) and (b) show the dependence of the electron mobility on the
effective electric field, E,; (Eq. 111.56) and the temperature T for different back gate voltages,
used to obtain the results of Figures I1I-12 and III-13, justifying the proposed mobility model.

_ gN it n Coxj'(Vg _Vt/‘) Eq.
&g 2¢e, 111.56

1

E eff

In order to check further the accuracy of the model, the small-signal parameters of
transconductance g, and output conductance g, have been examined. Figures III-12(¢c), (d)
and Figures III-13(c), (d) show the plots of g, versus V, and g, versus Vg, respectively,
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derived from the experimental data of Figures III-12(a), (b) and Figures III-13(a), (b). The
agreement between the experimental and modeled results is very good for back gate bias

varying in the range of -3 to +3 V, supporting the good accuracy of the compact model.

As shown in Figure III-15, for two typical back gate voltages V), the drain is
significantly underestimated without taking into account both the VO and SH effects or
overestimated without considering the SH effect. These results indicate the necessity to
include both SH and VO effects for good model accuracy.
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Figure III-12 Experimental (symbols) and modeled (solid lines) transfer (a), (b) and
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transconductance (c), (d) characteristics of silicon UTBB FDSOI MOSFET with W = 0.5 pm, L =
0.03 pm, ts; =7 nm and t,, = 1.55 nm, measured at drain voltage 0.1 and 1 V and different back
gate voltages V,, = V).
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Figure I1I-13 Experimental (symbols) and modeled (solid lines) output characteristics (a), (b) and
output conductance (c), (d) of silicon UTBB FDSOI MOSFET with W = 0.5 pm, L. = 0.03 pm, tg; =

7 nm and t,, = 1.55 nm, measured at back gate voltages V,, =V, =+3 and -3 V.
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Figure III-14 Dependence of the electron mobility on the effective electric field E. (a) and the
temperature T due to the SH effect (b) used to reproduce the transfer and output characteristics
of Figures III-12 and III-13.
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Figure III-15 Experimental (symbols) and modeled (solid lines) transfer characteristics in linear
representation of silicon UTBB FDSOI MOSFET with W = 0.5 pm, L = 0.03 pm, t5; = 7 nm and
tox = 1.55 nm, measured at drain voltage 1V and different back gate voltages V4, =V, with
considering the SH and VO effects (solid lines), without considering the SH and VO effects (dash
lines) and without considering the SH effect (dash-dot lines).

The model has been evaluated also for the device with larger gate length (L = 240
nm). Comparison between model and experimental /,-V, and 1,-V,, characteristics are shown
in Figure III-16 for the typical values of V, = -2, 0 and +2 V, which demonstrate good model
accuracy. The model parameters are the same as for L = 30 nm, except for ¢,,, = 0.27 V. The
lower value of ¢,,,in the long-channel device can be attributed either to the process-induced
traps near the source/drain regions or to the work function variability of TiN caused by the
different grain-orientation, the effect of which becomes more pronounced in the short-channel
device. The extracted mobility parameters are reported in Table I11-2.

VM) memVs) (VY V)
2 193 -0.20 0.65
| R 200 -0.30 0.55
D 225 -0.05 0.3

Table I1I-2 Extracted mobility parameters for UTBB FDSOI MOSFET with L =240 nm.
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Figure III-16 Experimental (symbols) and modeled (solid lines) transfer characteristics (a)-(b)
and output characteristics (c)-(d) of the UTBB FDSOI MOSFET with L =240 pm, measured at
different back gate voltages V, = V.

IIL.5 Drain Current Modeling for Electronic Circuit Simulations

Verilog-A Hardware Description Language (HDL) defines a behavioral language for
analog systems used by Cadence Spectre circuit simulator. It is a very powerful and useful
tool, since it provides the potential for full description of a circuit netlist, as well as the
behavior of a single device and its interface connections. Over the last few years, Verilog-A
has been adopted by leading compact model developers. Indeed, when the current-voltage
characteristics are described by analytical and compact mathematical equations valid in all
regions of operation, these equations can be written in the Verilog-A code and implement an
analytical model.

ITL.5.1 Verilog-A Drain Current Model Development

The Verilog-A implementation of the drain current is based on the model described in
this Chapter. The Verilog-A code implementing this model was developed successfully for
V=0V and is presented in detail in Appendix A. In this section only some basic elements of
the code will be described.

The code begins with the “//” characters, which constitute a comment, in order for the
code to be easier to be understood. Then the next two lines follow:

"constants.vams"
"disciplines.vams"

where “ ” specifies the Verilog-A libraries that are used in the code that follows. The
lines that begin with “module” and “endmodule” specify the behavior of the module. The
part of the code that describes the analog behavior of the module is between the lines that
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begin with “analog begin” and “end” and is called the analog block. Outside the analog
block but within the module, terminals, variables and parameters are declared. Just before the
analog block begins, the following two lines have been written:

inoutb, d, s, g;

electrical b, d, s, g;

which describe the direction and the type of the ports. The FDSOI MOSFET is a four terminal
device, and this is why the ports b, d, s, g are necessary. Furthermore, the direction “inout”

means that these ports can sense and affect the signals that they are connected to. Finally, the
last line before the analog block ends, namely:

1(d,8) <+ (-A2+sqri(pow(A2,2)+H4*A1*A0))/(2*A1);

constitutes a contribution statement. This kind of statements take the form of a branch signal
on the left side of the contribution operator “<+” followed by an expression on the right side
in order to describe continuous time behavior [173].

Concerning the Verilog-A code describing the FDSOI p-MOSFET, note that the only
differences with the code presented in Appendix A are the declaration of the voltage across
the ports and the lower low-field mobility:

(g 9) (s, 2
(d, s) (s, d)
(b, s) (s, b)

Mo no-3/8

Table I11-3 Differences between the n- and p-MOSFET declaration in Verilog A.

After the codes have been developed, the symbols for the n- and p-MOSFETs
(Figures I1I-17(a) and (b) respectively) were created.

(@ (b)
Figure 11I-17 n-FDSOI (a) and p-FDSOI (b) symbols created in Verilog-A.

II1.5.2 FDSOI Single Device

The successful simulation of a single device in Verilog-A is prerequisite for the
development of circuit simulation tools. In order to verify the correct behavior of the devices,
the simple circuits illustrated in Figure I11-18 were developed.
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Figure I11-18 Schematic for single device behavior verification: n-FDSOI (a) and p-FDSOI (b).
Both the input and the output characteristics were simulated in both cases using the
parameters described in Sections III.3 and III.4. Indeed, the expected behavior of the devices
was verified as indicated in Figures I1I-19 and III-20.

= s
o .///’. ,
2 :I "
(a) (b)
L S==—=C
>
/// == =
.'// =
e = /'//
)/./ =
= ///
: = L rrperT— ™ T n ™ i i T T
(©) (d)
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Figure III-20 Simulated drain current as a function of drain voltage for the n-FDSOI and p-
FDSOI devices with L=0.03pm and W=0.5um developed in Verilog-A.

Additionally, to further verify that there were not any mistakes in the Verilog-A code,
it has been compared with the one written in Mathcad software. As seen in Figure III-21, both

implementations fully agree.
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Figure III-21 Comparison between model transfer characteristics implemented in Mathcad and
Verilog-A in linear (a) and saturation (b) regions of operation for an n-FDSOI MOSFET with
L=0.03pm and W=0.5pm.

I11.5.3 FDSOI CMOS SRAM cell

One of the most useful and simple circuits to perform simulation tests on is the
CMOS inverter, due to the fact that it consists of only two transistors, one n-MOS and one p-
MOS. The typical CMOS inverter schematic is illustrated in Figure I11-22.
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Figure III-22 Typical CMOS inverter schematic.
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The core cell of another fundamental circuit, the Static Random Access Memory
(SRAM) Cell is formed by two CMOS inverters, where the output potential of each inverter,
Vo 1s fed as input into the other, V;,. SRAMs can retain their stored information as long as
power is supplied. Nowadays the study of the SRAM cell is of high interest since modern
SRAMs strive to increase bit counts while maintaining low power consumption and high
performance. The 6 Transistor (6T) SRAM cell has been designed to Virtuoso Schematic
Editor, as seen in the following Figure.

Figure I11-23 6T SRAM cell in Virtuoso Schematic Editor.

The analytical drain current model for each device described in Sections III.5.1 and
II1.5.2 was used of the circuit for the 6T SRAM cell using n-FDSOI MOSFETs with W,=0.5
um, while p-FDSOI MOSFETs with W,=(8/3)-W,, since the low-field mobility ratio between
the n- and p-MOSFET was found : u,/u,,=3/8. The channel length was equal to 30 nm for
all the transistors. In fact, perfect symmetry and matching between the two devices was

considered in all simulations. In Figure III-24 the so-called SRAM “butterfly” curve is
depicted.
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Figure 111-24 The SRAM “butterfly” curve: V,, of the left inverter as a function of V, of the
right one. The window in the “butterfly” curve illustrates the SNM.

A significant quantity that characterizes the SRAM cell’s stability is the so-called
Static Noise Margin (SNM). Noise Margin (NM) is defined as the maximum spurious signal
that can be accepted by the device when used in as system while still maintaining is correct
operation. Assuming that the noise is present long enough for the circuit to react, then it is dc
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noise or static [174]. This is where the term SNM has arisen from. This quantity can be
extracted by nesting the largest possible square in the two Voltage Transfer Curves (VTC) of
the involved CMOS inverters, as seen in Figure I11-24. Indeed, it is defined as the side-length
of this square and is given in volts.

I11.6 Summary

Based on the minimum values of the front and back surface potentials of lightly
doped UTBB FDSOI MOSFETs, simple analytical models for the front and back gate
threshold voltages and ideality factors have been derived in terms of the device geometry
parameters and the applied bias voltages with back gate control. The model results were
found to be in very good agreement with both numerically simulated and experimental results
for devices with channel length down to 17 nm. Thus, the present models for estimating the
front and back gate threshold voltages and ideality factors can be used for drain current
compact modeling of lightly doped short channel UTBB FDSOI MOSFETs.

An analytical compact drain current model was developed for lightly doped short-
channel UTBB FD-SOI MOSFETs with back gate control, accounting for small geometry,
saturation velocity, mobility degradation, quantum mechanical, velocity overshoot and self-
heating effects. Summarizing, in addition to the mobility parameters (4,, ¢;, €;) and threshold
voltage parameters (A¢y, A., B.) extracted from experimental data, a limited number of fitting
parameters (Vg, A,, ) is needed in the proposed drain current compact model. Using these
parameters, the transfer and output characteristics of UTBB FDSOI MOSFETs can be
predicted with good accuracy for a wide range of back gate bias covering the inversion,
depletion and accumulation operation regimes. The good level of accuracy makes the
compact model suitable for implementation in circuit simulation tools.
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IV Reliability Issues in FDSOI Devices

IV.1 Introduction

As has been already mentioned in Chapter I, UTBB FDSOI MOSFETs have attracted
much attention in sub-28 nm CMOS generations due to their high immunity to SCEs [175],
[176] and the threshold voltage controllability with back gate bias instead of using different
channel doping concentrations, thus avoiding variability due to random dopant fluctuations
[177]. However, at small channel dimensions, the electric fields are high resulting in hot-
carrier degradation issues. Therefore, identification of the HC-induced traps is a very
important topic in short-channel FDSOI transistors.

HC studies in UTBB FDSOI MOSFETs are limited to few works referred on
investigation of the degradation mechanism by studying the evolution with stress time of the
device parameters [178], [179], [180], [181] and on HC degradation modelling limited in the
saturation region [182]. The LFN technique has been proposed as a non-destructive diagnostic
tool to evaluate traps located within the gate dielectric, at the gate dielectric/silicon interface
and within the depleted silicon film [183], [184]. Recently, the LFN technique has been used
in as-fabricated UTBB FDSOI MOSFETs to characterize the processing-induced interface
traps at both front and back gate dielectric/silicon interfaces and bulk traps located within the
silicon film next to the source and drain contacts [185]. The measured LFN spectra are
composed of 1/f and Lorentzian-type noise components. As has been already analyzed in
Chapter 1I the Lorentzian-type noise can be due either to the G-R noise resulting from a
number of traps with discrete energy levels or to the RTS noise attributed to a single trapping
level within the gate dielectric. The superposition of many Lorentzians leads to 1/f type noise
spectra. Recently, the origin of the 1/f and g-r noise components in as-fabricated UTBB
FDSOI n-MOSFETs has been investigated in detail by LFN measurements in the frequency
domain [185], [186].

In this chapter, first, we investigate the impact of HC-stress on nanoscale UTBB
FDSOI n-MOSFETs with thin gate dielectric by combined LFN measurements in the
frequency and time domain. Based on these measurements, a thorough study of the gate
dielectric traps, g-r traps in the silicon film and RTN traps located at the gate dielectric/silicon
interface is performed. The results indicate that the RTN time constants are uncorrelated to
the RTN amplitude, i.e. the impact of the trap depth from the interface on the RTN amplitude
is masked by that of the trap location over the channel. In previous work, the RTN amplitude
for a single trap has been modelled considering the carrier number fluctuation model [113],
[187], [188], [189]. In this work, the RTN amplitude is formulated with an analytical
expression including parameters related to both carrier number and mobility fluctuations and
to the statistical variability of the trap location over the channel. These model parameters can
be extracted from experimental data of the RTN relative amplitude, enabling to predict the
RTN amplitude from the subthreshold to the above threshold regions.

Second, using the static current-voltage characteristics measurements and based on
our analytical compact model for nano-scale FDSOI MOSFETs [190], an HC degradation
model is developed using the threshold voltage shift, the ideality factor shift and the mobility
degradation with stress time, predicting the device performance under different bias
conditions.
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Finally, an analytical study of the negative bias temperature instability (NBTI) in
nano-scale FDSOI MOSFETs is presented. NBTI has not been investigated extensively in
FDSOI UTBB devices [178], [180], [191] although it has been recognized as a major
reliability issue in recent bulk p-MOSFETs [192]. The NBTI is prominent in p-MOS devices
along the entire channel when negative gate-to-source voltage is applied, while as is apparent
from the above, the hot-carrier effect is prominent in n-MOS devices which occurs near the
drain end due to hot carriers accelerated in the channel. In this work, the NBTI behavior of
nano-scale UTBB FDSOI MOSFETs with zero back gate bias and small drain bias voltage
has been characterized and modelled. In particular, models predicting the temperature and
gate voltage dependence of the threshold voltage shift during the NBTI stress and recovery
phases of FDSOI transistors are presented.

IV.2 Hot Carrier Injection (HCI) in FDSOI n-MOS

IV.2.1 Experimental Details

The HC experiments were performed on FDSOI n-MOSFETs with channel width W
= (.5 um and channel length L ranging from 30 to 100 nm, fabricated by ST Microelectronics
in France [157]. The front gate stack consists of TiN/HfO,-based dielectric with equivalent
oxide thickness 1.55 nm, the BOX thickness is 25 nm and the silicon film thickness is 7 nm.

In the HC experiments, the devices were stressed at room temperature by applying
stress voltage to the drain and gate electrodes, with the source terminal grounded and back
gate bias ¥}, = 0 V. In short-channel devices, it has been confirmed that the worst HC stress
condition occurs at Vgess = Vgsmess [193]. The stress was interrupted at selected stress times to
measure the transfer characteristics in the front-gate mode using an Agilent B1500
Semiconductor Device Analyzer. LFN measurements were performed before and after stress
using either the 3PNMS Noisys system or the Agilent B1530 WGFMU module with an FFT
applied on the time domain data in order to obtain the corresponding spectra. It is mentioned
that the measurements before and after stress were performed on the same devices.

IV.2.2 Hot Carrier Degradation Mechanisms in Nano-scale FDSOI MOSFETSs

Figure IV-1 shows two examples of the -V, characteristics measured at V,; =
0.03 V of fresh and stressed devices at V... = 1.5 and 1.8 V for different stress times.
Degradation of the threshold voltage ¥, subthreshold swing coefficient 77 and on-state current
is observed.

The positive threshold voltage shift AV that is observed, follows a time dependent
power-law with exponent n close to 0.5 at V., = 1.5 V showing that the interface
degradation is the dominant mechanism, whereas at higher stress voltages 7 is close to 0.26
indicating that electron trapping into the gate dielectric defects becomes the dominant
mechanism (Figure IV-2(a)) [194]. This finding is in accordance with the time exponent » for
degradation of 7 varying from 1.51 to 0.3 as V., increases from 1.5 to 2 V (Figure IV-2(b)).
However, the increase of AV, with stress time is faster compared to A7 at high stress voltages
as shown in Figure IV-3, suggesting the dominance of the electron trapping degradation
mechanism.
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Figure IV-2 Threshold voltage (a) and subthreshold swing coefficient (b) shift with stress time at

V' for 5000 s.
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Figure IV-3 Correlation between AV, and An after stress at V.., = 1.8 V.

Figures IV-4(a) and (b) show the noise spectra before and after stressing at V., = 2
The spectra show the co-existence of two noise components: //f 7 and

Lorentzian-like.
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Figure IV-4 Drain current noise spectra before (a) and after (b) stress (Vuess =2 V for 5000 sec)

for different values of current.
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In order to investigate in depth the effect of the HC stress on FDSOI n-MOSFETs,
short-time and long-time HC stress were performed. The first case is referred to 100 sec stress
time, while the second one to 5000 sec stress time. Furthermore, time domain drain current
measurements were necessary so that the noise components are clarified.

IV.2.2.1 Short-Time Hot Carrier Stress

Figure IV-5 shows the degradation of the transconductance g,, for a typical fresh FD-
SOI n-MOSFET with threshold voltage ¥, = 0.33 V, measured at drain voltage V,, = 0.03 V,
after HC stress at Vgyess = Vsnress = 1.5 V for short-time causing a positive threshold voltage
shift by about 10%. The maximum g, degradation and the simultaneous parallel g, shift
indicate interface degradation and charge trapping into the gate dielectric defects [194].
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Figure IV-5 Transconductance (g,,) of UTBB FDSOI n-MOSFET, measured at V4=0.03V before
and after short-time HC stress.
In order to clarify the degradation mechanisms, the HC-induced interface and gate
dielectric traps were studied with LFN measurements. Figure V-6 shows typical plots of S;; x
fversus f, where S}, is the drain current noise spectral density and f'is the frequency, measured
at drain voltage V,; = 0.03 V and different gate voltages V,, in UTBB FDSOI MOSFET after
short-time stress. The general expression for the LFN spectrum can be represented as a
synthesis of a flicker and Lorentzian noise components as [195]:

K, & A
SI"ZTMFZO“ PEY Eq. IV.1
i= 1+(fj q. .

S

where K is a coefficient characterizing the intensity of the //f noise and the second term
represents a sum of the Lorentzian components with 4; the plateau value and f.; the corner
frequency of the traps. A least-square fit to the experimental S, x f versus f data allow us to
distinguish the contributions of the flicker and Lorentzian components. Time-domain
measurements can be implemented to identify the origin of the Lorentzian noise, i.e. whether
it is G-R noise or RTN. In the case of RTN due to a single trap, the histogram of
instantaneous drain current values derived from the time domain signal has a two-level RTN
distribution [196].

Figure IV-7 shows the normalized flicker noise component S,/ IZ versus drain

current I, of a device before and after short-time stress, measured at frequency f = 10 Hz.
Recently, in both n- and p-channel UTBB FDSOI MOSFETs with thin gate dielectric, it has
been demonstrated that the 1/f noise amplitude can be described by the conventional
CNF/CMF model considering contribution from both interfaces [185]. This finding indicates
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that the trap time constants are uncorrelated to the noise amplitude in MOSFETSs with thin
gate dielectrics, otherwise we would not be able to observe very good correlation to the
CNF/CMF model when a large number of traps is averaged.

Short-time stress
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Figure IV-6 Normalized LFN spectra of short-time HC stressed UTBB FDSOI n-MOSFET at
different gate voltages, showing the presence of a flicker and Lorenzian noise components.

According to the generic CNF/CMF model (Eq. 11.46) which is valid in all regions of
operation, the analytical compact model for S, is described by the single equation [197]:

S oY
s =(&] (1...9 dsJ S, Eq. IV.2
Ids ]ds Em .

where the flat-band voltage power spectral density, given by Eq. 11.47, for A = /4 and y = I

becomes:

q¢’kTN,,

=29 Eq. IV.3
" wLC?,

where it is reminded that N, is the areal density of the gate dielectric traps with continuous
energy distribution located close to the gate dielectric/silicon interface, g the elementary
charge, kT the thermal energy and C,, the gate dielectric capacitance per unit area. In Eq.
IV.2, Q is called the noise parameter related to the Coulomb scattering coefficient a,., as
deduced from Eq. I1.46. Because the device is biased in the front-gate mode, it has been
demonstrated that the contribution of the back gate interface to the noise parameters (2 and
Sy» can be considered as negligible [185]. Furthermore, using a technique based on
capacitance measurements, it has been shown that in FDSOI MOSFETs, only the front gate

interface is degraded during a classical HC stress [179]. The plots of S,/ 1% versus I in

Figure IV-7 follow the model described by Eq. IV.2, suggesting that the 1/f noise can be
described by the CNF/CMF model. From the extracted value of Sy, the areal gate dielectric
trap density is N,, = 1.6 x 10" em™ eV for the fresh device and N,, = 2 x 10" em™ eV for
the short-time stressed device explaining the parallel g,, shift in Figure [V-5.

The Lorentzian noise components can originate from traps with discrete energy level
located within the gate dielectric close to the gate dielectric/silicon interface or within the
silicon film [198]. To identify the origin of the Lorentzian noise, the corner frequency f, and
the plateau amplitude 4; of the obtained Lorentzian components are presented in Figures
IV-8(a) and (b), respectively. Two G-R traps are detected with corner frequencies dependent
of Vg and plateau values exhibiting maximum at V,, where the corner frequency starts
increasing. These specific variations of the corner frequencies and the plateau values indicate
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that the G-R noise originates from traps located within the channel [186]. The results of
Figure IV-8(b) show attenuation of g-r traps after short-time HC stress.

f=10Hz

o Fresh device
m  Short-time stress

107 10° 10°
Drain Current, |, (A)

Figure IV-7 Normalized measured drain current power spectral density S/ lds2 versus drain
current Iy of the fresh and short time stressed UTBB FDSOI MOSFETSs. The symbols
correspond to experimental data and the lines to noise model (Eq. IV.2) with Q =4 V'and N, =
1.6 - 10" ecm™?eV™! for the fresh device and Q@ =4 V' and Ne=2- 10" cm™eV™! for the stressed
device.

Similar behavior regarding the g-r traps attenuation has been observed systematically for
other devices subjected to similar short-time HC stress. To understand the reason for
attenuation of the silicon g-r traps after short-time HC stress, we consider the interface
degradation model of Si-H bond breaking under HC stress [199]. The Si-H bonds are
dissociated releasing hydrogen, which annihilate at the initial stages of stress the silicon g-r

traps.
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Figure IV-8 Dependence of (a) corner frequency f. and (b) plateau amplitude A; for the G-R noise
components of fresh and short-time stressed FDSOI nMOSFETs.

In Figure IV-8, the Lorentzian noise observed in the above threshold region of the
fresh device (I, > I uA) corresponds to RTN, which is confirmed by the behavior of the drain
current in the time domain and the histogram of instantaneous drain current values as shown
in Figures IV-9(a) and (b), respectively. The RTN data were obtained with sampling
frequencies f, = 2 kHz, 20 kHz, 200 kHz and 2 MHz and 10° points for each sampling,
allowing us to detect all possible RTN pulses with widths between / us and /00 s. In Figure
IV-9(a), the dashed-line shows an example of the pulse fit, obtained with threshold-detecting
algorithm developed to determine the distribution of the emission and capture time constants.
For each gate voltage bias, we extracted the average time constants <z,> and <z.> by fitting
the distributions of 7. and 7, to the exponential distribution 4 x exp(-t/<z>) as shown in
Figure IV-10, assuming the phenomenon follows the Poisson process [200], [201]. We note
that the RTN amplitude is decreased after short-time HC stress, following a behavior similar
to that of the silicon G-R traps [Figure [V-8(b)].
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Figure IV-9 Typical one trap RTN waveform of fresh FDSOI nMOSFET and the (b)
corresponding histogram of amplitude. The measurement was performed at drain current I 4 =
4.9 pA with a sampling frequency of f;=2 MHz.
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Figure IV-10 Extraction of the average time constants: (a) <t.> and (b) <t> from RTN
waveform data for a given sampling frequency and gate bias voltage.

Figure IV-11 presents the extracted values of 7. and 7, as a function of the gate
voltage for the fresh device. Although the RTN trap is characterized over a relatively small
Ves range (~ 0.1 V), a curvature appears in the plot of the time constant 7., whereas the
emission time increases symmetrically to the decrease of 7. This finding indicates that the
single trap responsible for the observed RTN should be a metastable defect [202], [203],
[204]. Metastable traps have been observed also in 45 nm CMOS bulk transistors [205].
Based on advanced non-radiative multiphonon (NMP) theory developed recently in [202],
[203], [204], the introduction of a metastable defect with intermediate state yields a curvature
in 7., explaining the data over a wide range of gate voltage and temperature. In Figure IV-8,
the Lorentzian noise observed in the above threshold region of the fresh device (I, > 1 uA)
corresponds to RTN, which is confirmed by the behavior of the drain current in depth and the
RTN amplitude could be uncorrelated to the time constants 7. and z,[200], [206], [207].
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Figure IV-11 Dependence of the extracted time constants t. and 7. on the gate voltage V of the
fresh device.
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In addition, in nanoscale MOS devices with thin gate dielectric, the gate bias dependence of
the ratio 7./7, strongly depends on the trap position over the channel in both subthreshold and
above-threshold regimes [207]. Since the trap position over the channel is unknown variable
in experimental devices, the possibility to extract the trap position within the gate dielectric
from fluctuation of the RTN amplitude is limited.

IV.2.2.2 Long-Time Hot Carrier Stress

Figure IV-12 shows the degradation of g, for a typical fresh FDSOI n-MOSFET with
threshold voltage V, = 0.38 V, measured at drain voltage V, = 0.03 V, after HC stress at
Visiress = Vesess = 1.5 V for long-time causing a positive threshold voltage shift by about 20%.
The maximum g,, is degraded with a simultaneous parallel shift, as in the case of short-time
stress. The plots of S;,; / 1> versus I of the fresh and long-time stressed device, measured at
frequency f = 10 Hz, are presented in Figure IV-13(a). The extracted data of the 1/f noise
component show that the 1/f noise is described by the CNF/CMF model [Figure IV-13(b)].
From the extracted values of Sy, the average gate dielectric trap density N, determined for the
long-time stressed device is N,, = 2.7 x 1 0" em™ eV, which is higher by a factor of ~2.2
compared to that of the fresh device.
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Figure IV-12 Transconductance (g,,) of the FDSOI nMOSFET, measured at V4 = 0.03 V before
and after long time stress.
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Figure IV-13 (a) Normalized measured drain current power spectral density Siq / Iy,> versus
drain current I of the long time stressed UTBB FDSOI MOSFET. (b) Plots S,;;/ Idsz versus I of
a device before and after long-time stress. The symbols correspond to experimental data and the
lines to model (Eq. I'V.2) with Q =4 V'l, N¢= 1.2:10" cm?eV™! for the fresh device and Q =7 V",

N(=2.7 10" cm™ eV for the stressed device.

In Figure IV-13, a Lorentzian noise is observed in the above threshold region of the
fresh device (I > 1 uA) corresponding to RTN as confirmed by the drain current behavior in
the time domain [Figure IV-14(a)]. The extracted values of 7. and 7, as a function of the gate
voltage presented in Figure IV-14(b) show a behavior similar to that of Figure IV-10,
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explained by the advanced NMP theory [202]. In Figure IV-13(a), the occurrence of the
strong peak in the subthreshold region of the stressed device (I < 0.1 uA) is a clear evidence
for dominance of a Lorentzian component over the 1/f noise. This Lorentzian noise is
correlated with complex RTN, which is confirmed by the behavior of the drain current in the
time domain as shown in Figures IV-15(a) and (b). The corresponding histogram of the RTN
amplitude, measured at sampling frequency f; = 20 kHz, shows a typical RTN signal of two
traps [Figure IV-15(c)]. The spacing of the first level to the intermediate two levels gives the
RTN magnitude of each of the two traps [204], [208]. Since multiple-trap analysis is difficult,
we selected sampling frequencies exhibiting single-trap (two-level) RTN as shown in Figure
IV-15(d). In the above threshold range, we observed typical RTN signals on one trap.
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Figure IV-14 (a) RTN waveform measured at gate voltage V,, = 0.42 V and sampling frequency f;
=20 kHz and (b) time constants t. and 7. versus gate voltage V,, of the FDSOI nMOSFET before
long-time stress.
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Figure IV-15 (a) RTN waveform and (b) two traps RTN waveform after long-time stress of the
FDSOI nMOSFET, measured at gate voltage V,, = 0.26 V with a sampling frequency of f, =20
kHz. Histograms of amplitude measured at (c¢) f, =20 kHz and (d) f, = 200 kHz and 2MHz.

The corner frequency f. and the plateau amplitude 4; of the obtained Lorentzian
components are presented in Figures IV-16(a) and (b), respectively. The G-R noise
originating from traps in the channel, detected in the gate overdrive range 0.2-0.5 V of the
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fresh device is also observed in the long-time stressed device as shown in Figure IV-16.
However, the plateau amplitude of both RTN and G-R traps is increased dramatically after
long-time HC stress, indicating the generation of more g-r and RTN traps due to HC stress.
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Figure IV-16 Dependence of the corner frequency f, (a) and plateau amplitude A; for the g-r
noise component of HC-stressed UTBB FDSOI n-MOSFETs.

Figure IV-17(a) presents the V,, dependence of 7. and 7, of the RTN traps detected in
the long-time stressed FDSOI UTBB n-MOSFET. Three RTN traps are detected in the long-
time stressed device. Trap 1 is associated with the RTN observed in the subthreshold region
and traps 2 and 3 are responsible for the two-level RTN signals observed in the above
threshold region. In general, the plots of the time constant present a curvature described by
the extended NMP model using metastable defect configurations [202]. Moreover, the
characteristic time constant 1, defined as the cross-point value of the z.-V, and z-V, curves
in Figure IV-17(a), show no clear correlation with the RTN relative amplitude Al;/1y
presented in Figure IV-17(b). This indicates that the RTN time constants and the amplitude
are weakly correlated, i.e. Al,/1; is mainly dominated by the channel lateral trap location in
agreement with the results of previous work [206] and [207].
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Figure IV-17 (a) Dependence of the extracted 1. and 7. on the gate voltage V,, and (b) RTN

amplitude (Al4/I4) on the drain current I of the RTN traps of the long-time stressed UTBB
FDSOI MOSFETs.
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1V.2.2.3 RTN Amplitude

Recently, large RTN fluctuations were observed in the subthreshold regime of
nanoscale n-MOSFETs [209]. For a single gate dielectric trap, it has been demonstrated that
the RTN amplitude of the drain current fluctuations is related to carrier number and carrier
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mobility fluctuations [210], [211], i.e. the RTN amplitude is still determined by the
electrostatic impact of trapped charge. Three-dimensional distortion of the potential caused by
the defect charge can lead to a non-uniform charge density along the channel, which is known
to have large impact on the drain current fluctuation amplitude depending on the trap location
over the channel [187], [188], [212]. Furthermore, it has been demonstrated that the RTN
amplitude has no correlation to the mean emission and capture time constants and it is mainly
dominated not by the trap depth from the interface, but by the randomness of the lateral trap
location [206], i.e. the impact of the trap depth from the interface is masked by that of the trap
location over the channel.

The RTN relative amplitude (A4/,/1;) can be calculated assuming that trapping of an
elementary charge q in the trap located at or near the Si/gate dielectric interface changes the
local conductivity stemming from CNF [113]. It has been shown that the relative RTN
amplitude for a single trap, located at or near the gate dielectric/silicon interface, can be
approximated by [113], [187]:

Nds

_ x84
Idg

Eq. IV4
1, WLC, 4

where & is a fit parameter. Considering the CNF/CMF drain current fluctuation model
developed in [197] and including in Eq. IV.4 the mobility fluctuation due to the trap
scattering, a generic model for the relative RTN amplitude can be constructed based on the
equation:

Al I
i _gbn 4 |y opla Eq. IV.5
I, °1, WLC, g,

ds

with two physical parameters, namely 2" related to the mobility fluctuation and ¢ related to
the trap location over the channel. The parameter £ is introduced to take into account the
statistical variability of the trap location over the channel. This is consistent with recent
results showing that the threshold voltage is highly sensitive to the charge position, with the
most critical position located in the middle of the channel [189].

Figures IV-18(a) and (b) show the plots of Al,/I, versus g,/I; for typical fresh and
HC-stressed devices, respectively. A linear relationship between Al and g,,/1; is observed
as expected from Eq. IV.5. Both parameters £ and Q” can be extracted experimentally from
the slope (= &g/WLC,,) and the intercept with the vertical axis (= £Q%4/WLC,,) of the straight
lines Al,/1,; versus g,/I,, presented in the insets of Figures [V-18(a) and (b). The knowledge
of these two parameters provides a good description of the RTN relative amplitude as shown
in Figures IV-18(c) and (d). The large variation of 7 can be attributed to the huge variability
of the threshold voltage associated to single charge trapping, the histogram of which exhibits
an exponential distribution due to impact of the trap location over the channel and in the gate
dielectric [189], [213].

Figure IV-19 presents experimental results of Al;/I,; versus I, for more than ten
RTN traps detected in fresh and HC-stressed devices. In fresh devices of the present
technology, the detected RTN traps are observed in the above threshold voltage region with
Al /1 within 0.25% - 1.1% at 1, = 10 uA. However, after HC-stress RTN traps are observed
also in the subthreshold region with Al,/I, within 1.6% - 5.5% at I;; = 10 nA. For RTN
modeling and reliability prediction, the above findings should be taken into account.
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Figure IV-18 Variation of Al/I4 with g, /I3 of RTN traps detected in the (a) fresh and (b) HG-
stressed UTBB FDSOI MOSFETs. Insets: parameters &=n and Q’ extracted from the slope and
intersect with the vertical axis of the straight lines. Using the extracted parameters &=n and Q’, a
comparison between the experimental Al/I4 versus I data and model results obtained from
Eq. IV-8 is presented for the (c) fresh and (d) stressed devices, respectively.
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Figure IV-19 RTN relative amplitude (Al/14) versus drain current I;; of RTN traps detected in
the UTBB FDSOI MOSFETS before and after HC stress.

IV.2.3 Hot Carrier Degradation Modeling in Nano-scale FDSOI MOSFETs

The transfer characteristics before stress, after stress at V.., = 1.5 V for 5000 s and
the recovery behavior (after 5000 s at V, = Vg, = 0) are presented in Figure IV-20(a). No
recovery is observed, verifying the findings presented above, namely that interface and/or
bulk trap generation are the main degradation mechanisms, which result in degradation of the
transistor parameters. From analysis of the transfer characteristics in the linear region, the
degradation of the threshold voltage ¥, and the subthreshold ideality factor 77 were obtained.
The threshold voltage was extracted from the transconductance linear extrapolation method
[155].
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Figure IV-20(b) illustrates the transfer characteristics in the saturation region (Vy = 1
V) before stress and after stress at V..., = 1.5 V for 5000 s in the forward and reverse mode
(with the source and drain electrodes exchanged). The drain current is reduced after stress,
indicating that the interface trap generation is extended beyond the pinch-off region, as
generated hot-carriers dominate over the entire channel length in short-channel devices [194].
In addition, the drain current is further reduced in the reverse mode, indicating that the trap
generation is enhanced near the drain region. These findings are supported with the
experimental results of a modified charge-pumping technique [214], demonstrating the
generation of HC stress-induced interface traps along the channel length and border traps
within a tunnelling distance of the gate oxide/Si interface, located above the pinch-off region
near the drain.
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Figure IV-20 (a) Transfer characteristics of UTBB FDSOI MOSFET with W = 0.5 pm and L =30
nm before stress, after stress at V..., = 1.5 V for 5000 sec and a recovery after stress, measured
at Vg, =1 V. (b) Transfer characteristics before stress and after stress at V,.,s = 1.5V for 5000

sec in the forward and reverse modes measured at Vg =1V.

As has been already mentioned above (see Figure IV-2(a)) for stress times above 1 s
the positive threshold voltage shift AV, follows a single time dependent power-law of the form
AV, ~ {" with the exponent n =~ (.28, indicating the generation of interface traps [179]. Note
that in FDSOI MOSFETs, the value of n is smaller than that of bulk n-MOSFETSs (n ~ 0.4-
0.5) for the interface trap generation mechanism and only the front gate interface is degraded
during HC stress as shown by a new technique based on capacitance measurements [179]. At
short stress times (< 0.1 s), it has been demonstrated by fast measurements that the HC
degradation is equivalent to the positive bias temperature instability (PBTI) degradation due
to the impact of “cold carriers”, exhibiting a value for n lower than 0.25 [179].

In Chapter III a complete analytical charge-based compact model for the drain current
of nano-scale UTBB FDSOI MOSFETs has been presented, valid in all regions of operation
with back gate control [190]. The model includes the device parameters V;, 77 and the effective
mobility z5 which were modeled taking into account the effects of DIBL, CLM, saturation
velocity, mobility degradation, quantum confinement, velocity overshoot and self-heating.
Thus, modeling the degradation of these parameters could lead to the prediction of the HC-
induced device degradation. Analytical models for the threshold voltage with localized
interface charges were developed in single-gate bulk MOSFETs [215] and symmetrical
double-gate MOSFETs [216]. Because such model is missing for UTBB FDSOI MOSFETs
including localized interface and bulk charges, we provide semi-empirical aging models for
the transistor parameters, which are widely used in circuit reliability investigations [217].

The impact on the threshold voltage shift of the stress voltages Viyess = Vis = Vs and
Vs varying from 1.2 to 2 V with drain voltage fixed at V,;, = 2 V'is shown in Figures IV-21(a)
and (b), respectively.
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Figure IV-21 Dependence of %AV, degradation of UTBB FDSOI MOSFETSs with W = 0.5 pm
and L = 30 nm on stress voltages V. = Vgs = Vg (a) and (Vg - V) with drain voltage fixed at
V4 =2 V and varying gate voltage V,,=1.2, 1.5, 1.7 and 2 V (b) for different stress times.

The results confirm that the worst case bias condition is at Ve, = Vi = Ve, following
the dependences of the form %AV, ~ exp(c,;V,) and %AV, ~ exp[-c2(Vas-Vs)]. The plots 26AV,
versus exp(c;xVy)xt" for different values of Ve = Vi = Vi demonstrate that all the data
points lie on a straight line for n = 0.277 and ¢; = 3.64 V' (Figure IV-22(a)) and the plots
%AV, versus exp[-co(Va-Vg)] xt" for different values of V,, with fixed 7y = 2 ¥ demonstrate
that all the data points lie on a straight line for n = 0.277 and ¢, = 1.2 V"' (Figure IV-22(b)).
Figure IV-22(c) presents the dependence of the %AV, with the reciprocal of the channel
length, induced by HC stress at V.., = 1.8 V for different stress times. The inset of Figure
IV-22(c) presents the relationship between the %AV, degradation and /L, showing that the V;
degradation is strongly dependent on the channel length.
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Figure IV-22 (a) Dependence of %AV, on exp(c;xVy) x t" of UTBB FD-SOI MOSFET with W =
0.5 pm and L = 30 nm stressed at V., = Vgs = Vg = 1.3, 1.5, 1.8 and 2 V for different times. (b)
Dependence of %AV, on exp[-c;x(Vy-V,)] x t" after stress at Vg, =2V and V=12, 1.5, 1.7 and
2 V for different times. (¢) Dependence of %AV, degradation on the reciprocal of the channel
length L after stress at V., = 1.8 V for 1000 s and 5000 s.

For the UTBB FDSOI devices of the present technology, taking into account all
factors affecting the HC effect, the %AV, degradation can be expressed as:
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b
%AV, =Ct" (%) exp(c,V,, Jexp [— ¢ (Vds Ve )] Eq. IV.6

In Eq. IV.6, C is a process related prefactor, n = 0.277 is the time exponent which is
typically in the range of 0.2-0.5 [217], b = 1.87 is the gate length dependency which is
typically in the range of 2-4 [217] and ¢, = 3.71 V", ¢, = 1.21 V"' denote the drain and gate
voltage sensitivity, respectively, which are also process related. Expressing the channel length
in nm, Eq. IV.6 fits the experimental data of %AV, versus ¢ for C = 5.46 for different bias
stress conditions, as shown in Figures IV-23(a) and (b). In the model of HC aging prediction,
the temperature behaviour can be modelled as Arrhenius law with a thermal activation
energy, which can be determined by performing HC stress measurements as different
temperatures [217]. In the proposed HC degradation model, the effect of temperature is
incorporated in the constant C. Note that the V; degradation model (Eq. IV.6) has been also
successfully applied in double-gate FinFET with model parameters close to those of the
UTBBB FDSOI device.
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Figure IV-23 Variation %AV, with stress time of UTBB FD-SOI MOSFETs with W = 0.5 um and
L =30 nm stressed at: (a) Vyess = Vs = Vg = 1.3, 1.5, 1.8 and (b) V4s=2 V and V,=1.2 and 1.5
V. The symbols correspond to the experimental data and the lines to the model (Eq. IV.6) for C =
5.46.

The change in the effective electron mobility . due to the formation of interface
traps in the transistor inversion region is described by the empirical relation [218], [219]:

W, = _Haro Eq. IV.7
7 1+aAN, e

where 1,5 is the effective carrier mobility of the fresh device which is degraded by the
vertical gate field [190], AN, is the HC generated interface trap density and ¢; is a process
dependent mobility degradation parameter. In UTBB FDSOI MOSFETs, due to the thin
silicon thickness, it has been demonstrated that the self-heating effect is significant [190].
Thus, in addition to the mobility degradation due to the vertical gate field, the electron
mobility is degraded with increasing temperature by the SH effect due to different scattering
mechanisms. The impact of the SH effect on the HC degradation has been considered by
including the temperature rise in the effective carrier mobility [190].

If acceptor-type interface traps appear at the front gate interface of density AN, per

unit area per unit energy, the ideality factor 1 should be modified as:
q°AN,
C

ox

n=n,+ Eq. IV.8
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where 7 is the subthreshold swing coefficient of the fresh device, g is the electron charge and
C,. 1s the gate oxide capacitance per unit area. Thus, the ideality factor degradation due to HC
generated interface traps is modelled by the empirical formula:

n =1, +aAN, Eq. IV.9

where o, is a process dependent subthreshold swing coefficient degradation parameter.
However, the HC generated interface trap density AN, can be extracted either experimentally
by the forward gated-diode method using numerical calculation of integrals involved in the
model [220] or with a model based on a deterministic Boltzmann transport equation solver
[221]. Thus, for the needs of compact modeling, in Equations IV.7 and IV.9, AN, has to be
replaced by A4V, which can be determined analytically from the empirical formula of Eq. IV.6.

To determine the correlation between AN, and AV, the generated interface trap
density AN;, was assessed by monitoring the ideality factor degradation A7 exploiting the
relation [222]:

AnC, AE E
ANy =——3— qul'o
q .

In Eq. IV.10, AN;; is quoted as an average value over the Si band gap AE and it has a
dimension of traps/cm”. For the case of the worse stress condition (¥, = Ves), it is found that
AN, o« AV, and for constant AN, the threshold voltage change AV, increases with V, (Figure

IV-24(a)), while for bias stress Vy; > Vy, it is AN, oc AV, and for constant AN, the threshold

t

voltage change AV, increases with (Vy-V,,) (Figure IV-24(b)).
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Figure IV-24 Plots of AN;; versus AV, of UTBB FDSOI MOSFETs with W = 0.5 pm and L = 30
nm stressed at: (a) Vyes = Vas = Vgs = 1.5,1.8 and 2 V and (b) V4 =2 V and V= 1.2, 1.7 and 2
V.

Plotting the experimental data of Figures IV-24(a) and (b) in the form of AN, versus
AV/V, (Figure 1V-25(a)) and AN, versus [0.32 + (Vy-Vy)] AV, (Figure IV-25(b)),
respectively, all data lie on straight lines.

Therefore, the empirical expressions for the mobility and ideality factor of nanoscale
UTBB FDSOI MOSFETS are written as:

Hepr o
1440324V, -V,)

Moy = Eq.

a7, Ivi1

Va

s
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AV, Eq.
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Figure IV-25 (a) Plots of AN;; versus AV/V,, of UTBB FDSOI MOSFETSs with W = 0.5 um and L
=30 nm stressed at Vs = Vgs = Vg = 1.5, 1.8 and 2 V and (b) plots of AN, versus [0.32 + (V4
Vo)AV, of transistors stressed at Vo, =1.2, 1.7 and 2 V with fixed V4 =2 V.

The model described by Eq. IV.12 has been verified for devices of the present FDSOI
technology with a, = 7.35 V"', stressed at different bias voltages, as shown in Fig. 9.

1.7
_ (@) VaVes18Y| 18 (b) ;
© B 16! N
15 £ . or R
) %’ DogR 2 A
®14 014 = A AV =2V,V =12V
© o ds gs
= = O Vd =2V,V =1.7V
1.3 ‘ ‘ ‘ ‘ Y
10" 10° 10° 10* 10 10 10°
Stress Time (s) Stress Time (s)

Figure IV-26 Dependence of the ideality factor n with stress time of UTBB FDSOI MOSFETs
with W = 0.5 um and L = 30 nm for different stress voltages V.. The solid symbols correspond
to the experimental data and the solid lines (a) and open symbols (b) to the model (Eq. 1V.12)
using the parameter a, =7.35 V'

Combining equations IV.6 - IV.12 and the analytical compact model [190] described
in the previous Chapter, the impact of the HC effect on the device performance can be
predicted for different bias stress conditions using the same set of model parameters for all
devices. The first step is to calibrate the fresh device by extracting the parameters of the drain
current compact model [190]. Then, after extraction of the HC degradation model parameters
as described above, the evolution of the device performance with stress time can be_predicted
for any bias stress condition using the same set of parameters. Figures IV-27 and IV-28
present the experimental and model transfer characteristics of devices stressed at different
combinations of stress bias conditions and stress times, using the unique set of model
parameters: C = 5.46,n = 0.277,b=1.87,¢,=3.71 V', c;=121V' a;=44.76 V' and a;
= 7.35 "' It is mentioned that in the saturation region (¥, = I V), the HC-generated traps are
located in the pinch-off region near the drain and the apparent electron mobility reduces to the
effective mobility of the unstressed transistor g5 (i. €. &; = 0). However, in the saturation
region the HC model satisfies the experimental data when the subthreshold swing coefficient
degradation parameter 7 remains unchanged (i.e. @, = 7.35 V). This finding indicates that
the HC-generated traps are shallow trap levels affecting only the carrier mobility [223]. The
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generation of shallow trap levels located in the silicon body has been demonstrated by low-
frequency noise measurements.
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Figure IV-27 Experimental (symbols) and model (lines) transfer characteristics of FDSOI
MOSFETs with W = 0.5 pm and L = 30 nm stressed at V4, = V,, = 1.5 and 1.8 V for different
times, using the unique set of model parameters: C =5.46, n =0.277, b =1.87, ¢, =3.71 V'l, =
112V, o, =4476 V' and 0, =7.35 V.
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Figure 1V-28 Experimental (symbols) and model (lines) transfer characteristics of FDSOI
MOSFETs with W = 0.5 um and L = 30 nm stressed at V4,=2V and V, = 1.5 and 1.7 V for
different times, using the unique set of model parameters: C =5.46, n =0.277, b =1.87, ¢, =3.71
V%ie=112V', o, =44.76 V' and 0, = 7.35 V™.

To extend the empirical model of mobility form linear to saturation region, an extra
term is introduced in Eq. IV.11:
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where yis a parameter to indicate for each drain bias the fraction of the interface traps located
in the inversion region, which are responsible for the threshold voltage shift [224]. In our
model, yis a function of V as:

1if V, <01V
Eq.

y= V.14

1.75-exp[;—lf‘§j it ¥V, >01V

With including the parameter y in Eq. IV.13, the HC model describes with good
accuracy the experimental transfer characteristics for V, varying from the linear to the
saturation region. Figure IV-29 shows an example for the transfer characteristics measured at
V4 =0.6 V of FDSOI devices stressed at various bias conditions and Figure IV-30 shows the
output characteristics of a transistor stressed at Vy, = Vo, = 1.5 V for 1000 s.
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Figure IV-29 Experimental (symbols) and model (lines) transfer characteristics measured at V4
=0.6 V of FDSOI MOSFETs with W = 0.5 pum and L = 30 nm stressed at various bias conditions,
using the mobility model (Eq. IV.13) and the unique set of model parameters: C = 5.46, n = 0.277,
b=1.87,¢,=371V", ¢;=112 V"', 0, =44.76 V' and o, = 7.35 V'\.

— V. =V =15V V =12V
< 5x10*| =1000s Z—
= v
© 3x10%

8 0.8V
£ 1x10%} * ]

s 0.6V
a

80 02 04 06 08 10
Drain Voltage, V, (V)

Figure IV-30 Experimental (symbols) and model (lines) output characteristics of FDSOI
MOSFET with W = 0.5 pm and L =30 nm, stressed at V4, = V4 =1.5V for 1000 s.
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The HC model has been verified for FD-SOI devices with different channel lengths,
as shown in Figure IV-31 for L = 100 nm. Figures IV-27 - IV-31 show that the agreement
between the experimental and model results is good from the subthreshold to the above
threshold region, with drain voltage varying from the linear to the saturation region and for
any combination of stress bias conditions. Thus, the overall results verify the validity of the
proposed HC degradation analytical model, which is suitable for circuit simulators.
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Figure IV-31 Experimental (symbols) and model (lines) transfer characteristics measured at V4

=0.1 and 0.6 V of FDSOI MOSFETs with W = 0.5 pm and L = 100 nm stressed at V4, = V4, =1.8

V for 5000 s, using the mobility model (Eq. IV.13) and the unique set of model parameters: C =
5.46,n=0.277,b=1.87,¢;,=3.71 V"', ¢,=11.2 V', a; =44.76 V' and o, = 7.35 V"

IV.3 Negative Bias Temperature Instability in FDSOI p-MOSFETs

IV.3.1 Experimental Details

The devices under study were issued from an advanced FDSOI CMOS technology,
fabricated by ST Microelectronics as in the case of the HCI experiments. The channel width
of the measured devices is W = 10 um and the channel length ranging from 30 to 100 nm. The
NBTI effect has been investigated for zero back gate bias and small drain bias voltage (V= -
30 mV) to avoid the influence of the lateral electric field on the NBTI effect.

In order to monitor the threshold voltage (V;) degradation one has to pause the stress
process at selected times to measure the transfer characteristic. However, because the NBTI-
related degradation is largely and quickly recoverable, the presence of recovery artifacts
during the stress has to be avoided. Using the FastIV module of Agilent B1530, we were able
to reduce sufficiently the measurement time in between the stress steps. The transfer
characteristics /,-V,, were measured in a narrow gate bias region around the threshold voltage
using one current measurement range. In this way, the stress process was being stopped for
the duration of 10 ps, to minimize the measurement delay in such a way that the true recovery
is approached. From the measured [V, characteristics, the threshold voltage ¥, was
extracted. During the NBTI stress, the applied negative gate bias was Vigyess = -1.5, -1.7 and -
2 V. During recovery, immediately after stress the device was positively gate biased at Vecov
varying from +1.5 to +2 V. Each stress and recovery cycle was performed in different
individual devices under a temperature 7 ranging from 50 °C to 125 °C to enable
determination of the thermal activation energy of the NBTI degradation. For confidentiality
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reason, the time unit is not displayed and the time scale is normalized to the maximum stress
time #,,,., Which is of the order of several thousands of seconds.

1V.3.2 Characterization of NBTI in nanoscale UTBB FDSOI MOSFETs

The impact of the transistor scaling on the NBTI has been investigated on devices
with channel lengths 100, 50 and 30 nm. Figure IV-32 shows the evolution of the threshold
voltage shift AV, with the normalized stress time #yess/tnq under NBTI stress at Vg = -2 V
and T = 125 °C. The data of Figure IV-32 show no influence of the channel length on the
NBTI degradation, in agreement with a recent work demonstrating that the average BTI
degradation is independent of the transistor area [225]. The effect of the back bias V}, on the
NBTI induced threshold voltage and linear drain current shifts was also investigated, showing
negligible influence of V, on the NBTI degradation in both forward back biasing
(accumulation regime) and reverse back biasing (inversion regime) [178], [180]. Therefore,
modeling of the NBTI for V, = 0 ¥ in UTBB FDSOI MOSFETs with channel length L = 30
nm can be generalized for the transistors of the present technology.

Figure IV-33 shows the time evolution of the threshold voltage shift AV, during stress
at Vsress =-1.5 Vat T =75 and 125 °C.
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Figure IV-32 Evolution of AV, with the normalized stress time ty;.s/tyax in UTBB FD-SOI p-
MOSFET with L = 30, 50 and 100 nm after NBTI stress/recovery cycles at bias stress V gyrees = 2
V, Varecov = 2 V and at temperature T = 125 °C.
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Figure IV-33 Evolution of AV, with the normalized stress time tg.ss/tmax in UTBB FDSOI p-
MOSFET with L = 30 nm under NBTT stress at Vyg,cs = -1.5 V and temperatures T =75 and 125

°C.
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A power-law time dependence is observed with time exponent n = (.16 for both
temperatures, indicating that the degradation behavior is due to tunneling of holes into the
gate dielectric which are captured by pre-existing gate dielectric traps [226], [227]. It is worth
noticing that the value of the extracted power-law exponent depends significantly on the delay
introduced during the measurement. The temperature-independent exponents in the range
0.07 — 0.2 have been extracted from delay-free measurements [228], [229], [230]. Thus, the
results of Figure IV-33 indicate that the delay of 10 us is enough to make recovery negligible.
Similar values for the delay time for current readings were found guaranteeing reliable NBTI
measurements [231], [232].

Figure IV-34 shows the dynamics of the V; shift by reversing the polarity of the gate
bias immediately after the negative gate bias stress at temperature 7 = /25 °C. The main
feature of these results is a fast ¥, recovery (more than 50%) within 2 x 107 of the stress time
which is difficult to measure experimentally, followed by a slow non-exponential transient.
As the time scale is normalized to the maximum stress time, the V; recovery is described by
the recovery fraction defined as the measured V; shift during recovery divided by its shift just
after the NBTI stress. In order to determine the relative importance of the interface and gate
dielectric traps on the V; shift, the recovery fraction of V, versus t.ccov/fsess 1S presented in
Figure 1V-35 for different recovery voltages. The data show that AV, decays linearly on a
logarithmic timescale and the higher positive gate voltage favors the V, recovery. The above
findings indicate that positive charges in the gate dielectric contribute mainly in the recovery
of V, It is worth to mention that in the relaxation transients of Figure IV-35, discrete NBTI
relaxation AV, steps are clearly observed, which can be attributed to individual discharging
events due to random distribution of defect times and defect number variation in small area
devices [233]. However, from a macroscopic modeling point of view, we consider smooth V;
relaxation transients.
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Figure IV-34 Variation of the threshold voltage Figure 1V-35 Variation of V, recovery fraction

shift AV, with normalized stress time with the normalized recovery time t,ecov/tsress
(Estress/tmax) and recovery time (trecov/tmax) in under different recover voltages Vgrecov at
UTBB FD-SOI p-MOSFET with L = 30 nm, temperature T = 125 °C in UTBB FD-SOI p-
measured at temperature T = 125 °C under MOSFETs with L = 30 nm.
different stress and recovery biases shown in
the insets.

Positive charge built-up within the gate dielectric has been suggested to result from
trapping of holes in nitrogen-related pre-existing to stress defects in the gate dielectric [234].
Since LFN is related to the gate dielectric trap density [197], we have characterized the LFN
of the same individual device before and after NBTI stress/recovery cycles. Figure 1V-36
shows the input-referred gate voltage noise Sy, (Eq. 11.48) versus drain current I, of the
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device prior and after NBTI stress/recovery cycle at different bias conditions. The normalized
LFN remains almost unchanged before and after stress/recovery cycle at bias stress Vigyess = -
1.5V, Vgecoo = 1.5 V [Figure 1V-36(a)], demonstrating that no gate dielectric traps are
generated during NBTI stress. Similar behavior of the LFN before and after NBTI stress,
averaged on 20 devices has been observed in transistors of the same technology [234].
However, after stress/recovery cycle at higher biases (Vgsyess = -2 V, Vgrecowv = 2 V) the
normalized LFN of the unstressed device increases [Figure 1V-36(b)], showing that oxide
defects are created due to NBTI stress that is in agreement to previous reports [233], [235].
Injection of electrons from the accumulation layer of the n-silicon layer into the gate
dielectric under positive gate bias neutralizes the positive gate dielectric traps, contributing to
the V, recovery. By performing experiments using ultra-fast temperature changes during
recovery [236], the neutralization of the NBTI induced positive gate dielectric traps has been
interpreted considering inelastic phonon-assisted tunneling of electrons from the n-silicon
substrate.
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Figure IV-36 Normalized low frequency noise prior and after NBTI stress/recovery cycles at bias
stresses: (a) Vgress = -1.5 V, Vgreeoy = 1.5 V and (b) Vpress = -2 V, Vgrecov = 2 V and at temperature
T=125°C.

For assessing the relative importance of positive charges from interface states, the
generated interface trap density was extracted from the subthreshold slope change ASS using
the relation:

- _ASS-C,-AE Eq.
it q-k'T~ln(10) V.15

where kT is the thermal energy, C,, is the gate capacitance per unit area and AE is the energy
range over which the interface states contribute to the positive charge. As a first-order
estimation of the contribution from interface states to AV, we assume a uniform energy
distribution of interface states. Since the charge neutrality level is located approximately E,/3
above the valence-band edge for Si [237], we assume that the donor-like interface traps
located below the charge neutrality level contribute to positive charges, i.e. we use AE ~ (.37
eV. Figure IV-37 compares the threshold voltage shift due to generated interface states AV}, =
gAN,;/C,, with the measured AV,. We conclude that the NBTI is dominated by positive
charges trapped in pre-existing defects within the gate dielectric, with small contribution of
generated interface states. The larger contribution of positive charges to the V; shift than that
of generated interface states has been demonstrated in previous work for thin gate dielectrics
[238], [239], [240]. Nitridation introduces additional hole traps, enhancing further the
contribution of positive charges from gate dielectrics to AV, [227], [234], [241].
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Figure IV-37 Comparison of the measured AV, with the threshold voltage shift AV due to
generated interface states under NBTI stress at Vges = -2 V and temperature T = 125 °C.

IV.3.3 Modeling of NBTI in nanoscale UTBB FDSOI MOSFETs

In the stress phase, for compact modeling we consider the hole trapping in pre-
existing gate dielectric defects. According to the universal prediction model [226], [227], the
V; shift due to capture of holes by the gate dielectric traps is described as power-law function
of stress time with time exponent n = (.16 and AV, is inversely proportional to C,,.
Furthermore, the density of holes injected into the gate dielectric is linearly proportional to
the holes density and exponentially dependent on the temperature and the gate dielectric
electric field E,x = (Vg - V))/t,x [242]. In this work, the NBTI stress of FD-SOI p-MOSFETSs
was evaluated and found to be reasonably well described by the function (for Vy ~ 0):

AV; :A'tox' VSOXEOX .em(onJ.em[_Eaj.tn 15(11.6

E, kT

In Eq. IV.16, A4 is the field acceleration pre-factor related to the density of holes
injected into the gate dielectric, #,, is related to 1/C,,, &,.E,, is related with the density of holes
in the channel, E, is parameter related to the gate dielectric and E, is the activation energy.
Using the model of Eq. IV.16, Figure IV-38 verifies the change of V; under different NBTI
bias stress conditions and temperatures. For the FD-SOI devices of the present technology,
with #,, in cm, the model parameters are: n = 0.16, A = 3.72 x | 0’ V/IC'?, Ey= 3.47 MV/em
and E, = 0.084 eV which is in agreement with the activation energy measured in similar
devices [241].

Within the framework of trapping/detrapping of holes in gate dielectric traps, the
recovery fraction can be expressed as a function of the ratio of stress time over recovery time
trecor/ Lsress- I the model reported in [243], derived from a work where the V; shift is caused by
elastic tunneling of channel charge into the gate dielectric traps [244], the recovery function is
described by the logarithmic time dependence:

Telsiress
ln[l + ”J Eq.

c recov IV.17

RecoveryFunction=K, -V, - NG
ts

where AV, is the threshold voltage shift at the end of the stress phase. We found that the
model of Eq. IV.17 describes well the recovery behavior, with all model parameters found to
vary with the recovery voltage, complicating the modeling requirements. However, the work
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relying on elastic tunneling can be considered outdated, since literature data show that the
single trap time constants are strongly temperature activated [245].
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Figure IV-38 Evolution of AV, with the normalized stress time t.../tyn.x in UTBB FDSOI p-
MOSFET with L =30 nm under different NBTI stress voltages Vgstress at temperatures T = 125
°C (a) and 75 °C (b). The symbols are experimental data and the lines are the results of the model

of Eq. IV.16.

In a universal relaxation law model reported in [230], [246], the recovery phase is
modeled by the simple function:

-1

s
. _ trecov Eq.
RecoveryFunction = {l + B(J :l 1V.18

ts tress

with two model parameters (B, f), which has been applied successfully in 22 nm tri-gate
transistors [247]. In this model, the parameter B is a function of the recovery voltage and S is
approximately constant simplifying the modeling requirements [247]. In our work, a modified
version of the functional form of Eq. IV.18 was found to describe better the recovery behavior
of UTBB FDSOI devices given by:

Eq.

B
. t"GCOV
RecoveryFunction=1- B(J IV.19

Lytress

More recently [248], the time evolution of the recovery has been described with

empirical expression which includes the contributions of both transient interface trap

occupancy and holes trapping/detrapping models. However, the model reported in [248] is

more complex than the simple model of Eq. IV.19, which makes it not suitable for

implementation in circuit simulation tools. It is noticed that that the recovery function (Eq.
IV.19) can be applied up to time for complete recovery, i.e. for recovery fraction zero.

The NBTI recovery in p-MOS devices has been shown to be accelerated by
increasing the temperature [249]. Figure IV-39(a) shows the V; shift as a function of #,cco,/fnax
under recovery voltage Vg.cor = 2 V and at temperatures 75 and 125 °C. It is clearly observed
that the V; shift is enhanced with increasing the temperature. However, the V. recovery is
faster at the lower temperature as shown in Figure IV-39(b). The results of Figure 1V-39 are
in agreement with the results reported in [249]. These findings can be explained considering
that the permanent part of degradation (interface trap creation) is enhanced with increasing
the temperature, whereas the recoverable part (hole trapping/detrapping in preexisting gate
dielectric traps) remains unchanged.
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Figure IV-39 Evolution of the V, shift (a) and the recovery fraction (b) with the normalized
recovery time t e, /tnax in UTBB FDSOI p-MOSFET with L = 30 nm under recovery voltage
Varecov = 2 'V at temperatures: T = 125 °C and 75 °C.

Figure IV-40 shows recovery data compared to Eq. IV.19 for different passivation
gate voltages and temperatures, for normalized recovery time #,¢co,/% . Varying from 2 x 10°
to 1, capturing the recovery trend very well.
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Figure IV-40 Variation of the V, recovery fraction with the normalized recovery time t,c.,,/tyax 0f
UTBB FDSOI p-MOSFETs under different recovery voltages V.., and at temperatures: (a) T =
125 °C and (b) T = 75 °C.

To predict the temperature dependence of the recovery in simple analytical models,
the recovery time was scaled by the activation energy of the assumed Arrhenius behavior
[246]. In this work, we found that the temperature dependence of the recovery is captured by
scaling the coefficients B and S by (7/Ty), where T, is the room temperature. For any
combination of recovery temperature 7" and recovery gate voltage Vgco, the values of the

normalized recovery coefficient follows a unified relation of the form:

B-L_0154+044.7 Eq.
T, greco V.20

as shown in Figure IV-41(a). For a wide temperature range, the recovery model of Eq. IV.19
captures the recovery trend very well for constant values of # x (Ty/T) = 0.021, simplifying
the compact modeling. These values of B and £ complete the recovery model (Eq. IV.19) for
the nanoscale FDSOI devices of the present technology that includes both temperature and
recovery voltage dependencies. We mention that our NBTI data show a remarkably
suppressed recovery in comparison with the familiar R-D model of [225], [250]:

n Eq.

RecoveryFunction=1-B-t,, | v.21
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(b) Normalized recovery coefficient § x (Ty/T) versus temperature. The symbols are experimental
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Summarizing, a limited number of parameters is needed in the models of the V; shift
during the NBTI stress and the recovery phases in nanoscale UTBB FDSOI p-MOSFETs with
TiN/HfSiON gate dielectric stack. The impact of the NBTI stress on the device performance
can be captured through V; included in the analytical drain current compact models reported
in [139] and [190]. However, individual devices of small gate area are expected to show
important statistical dispersions. Threshold voltage V, relaxation transients measured on a
large number of small area devices have shown significant device-to-device spread, with a
mean transient behaving as that of a large device [233]. From statistical analysis of the model
parameters extracted from such data, the average values of the model parameters and the
errors of the average values can be obtained, which can be used for implementation of the
NBTI modeling in circuit simulation tools.

IV.4 Summary and conclusions

Reliability issues including HCI and NBTI have been thoroughly studied in nanoscale
UTBB FDSOI MOSFETs. The hot-carrier degradation of nanoscale UTBB FDSOI n-
MOSFETs has been investigated under different drain and gate bias stress conditions. A
detailed study showed that the worst degradation condition occurs at Ve, = V. The
degradation mechanisms have been identified by combined LFN measurements at room
temperature in the frequency and time domains. In fresh devices, the measured noise is
composed of 1/f noise related to gate dielectric traps within a tunnelling distance from the
interface and Lorentzian noise components related either to G-R traps in the silicon film or to
metastable RTN traps located at or near the gate dielectric/silicon interface. After HC-stress
for short-time, the results show that G-R and RTN traps are annihilated, which has been
attributed to hydrogen released due Si-H dissociation by HC-stress. However, after HC-stress
for long-time, the LFN is dominated by large RTN from the subthreshold to the above
threshold regions. In addition to the traps detected in the fresh device, analysis of simple RTN
observed in the HC-stressed device revealed the presence of additional RTN traps in the
subthreshold region.

Analysis of the RTN amplitude of several individual traps detected in fresh and HC-
stressed devices show the lack of correlation between RTN amplitude and trap time constants.
The results indicate that the RTN amplitude is determined by the electrostatic impact of the
trapped charge, following a modified CNF/CMF model. An analytical expression for the RTN

107



amplitude is proposed including two physical parameters: Q' related to the carrier number
and mobility fluctuations and ¢ related to the trap location over the channel. These parameters
can be extracted from experimental data of the RTN relative amplitude, enabling to predict
the RTN level from the subthreshold to the above threshold region.

Additionally, the impact of the HC degradation on the device parameters has been
expressed with semi-empirical models in terms of the stress time, channel length, drain bias
and gate bias. Based on our analytical compact model, HC aging model is proposed enabling
to predict the device degradation stressed under different bias conditions, using a unique set
of few model parameters determined for each technology through measurements.

Finally, the NBTI stress characteristics and the recovery behavior under positive bias
temperature stress of HfSiON gate dielectric UTBB FD-SOI p-MOSFETs have been
investigated. Comparison of the measured ¥, shift with that due to generated interface states
indicate that the NBTI is dominated by exchange of channel charge carriers with pre-existing
traps in the gate dielectric. In the recovery phase, the V; shift includes a fast initial transient,
followed by a very slow non-exponential transient. A model for the NBTI has been developed
by considering hole-trapping/detrapping mechanisms, capturing the temperature and bias
voltage dependence. The presented NBTI model can be implemented for development of
reliability simulation tools in nanoscale FDSOI devices.
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V  Variability Issues in nano-scale MOSFETSs

V.1 Introduction

As has been already mentioned in Chapter I, process variations within CMOS
technologies are usually categorized into global and local variations. Concerning the global
variations, the device parameters change smoothly all over the wafer. On the other hand, for
local variability or mismatch, each MOS transistor is affected differently even from its close
neighbor.

Mismatch is by nature an uncorrelated stochastic process, which is increasing due to
the scaling down of CMOS technologies - implying the reduction of the device area -
inevitably leads to important issues related to the statistical parameters variability [42], [251].
As aresult, a crucial issue in MOSFETs and especially in advanced nano-scaled devices is the
study of drain current local variability, as it affects the performance of analog and digital
circuits such as current mirrors or SRAM cells [252]. In FDSOI technologies, the drain
current mismatch has been studied in terms of the electrical parameters fluctuation and the
silicon thickness variation [253], [254]. Furthermore, a drain current mismatch model was
proposed for FinFET devices, which is valid only in the subthreshold region [255]. However,
in order to accurately predict the stochastic variations, a model that describes well the drain
current variability sources in all operation regions is required.

In this chapter, first we present the mismatch measurement system and the test
structures used to characterize the phenomenon.

Second, a drain current mismatch model based on the main sources of drain current
local variability, valid from linear to saturation region is presented [256]. More precisely
according to the first mismatch studies, the main sources of the drain current, /, mismatch are
related to the local fluctuations of the threshold voltage, V; and the current gain factor, £ [42],
[251]. The source-drain series resistance mismatch and its impact on the drain current
variability of FDSOI devices has been reported in recent works [257], [258], [259]. Indeed,
we studied the SD series resistance mismatch on the drain current variability in bulk n-MOS
transistors processed with 28 nm Gate-first technology and extended for the first time the
drain current local variability model in the saturation region as well.

Next, a drain current local variability model valid in linear region but including all the
mismatch sources is presented [260]. Therefore, this model relies on four parameters, namely
the fluctuations of the threshold voltage, V,, the current gain factor, £, the SD series resistance
and the ideality factor, n. The proposed model has been validated experimentally and by
simulations. More precisely, it was used to characterize advanced CMOS technologies, like
sub 15 nm Si/SiGe Trigate nanowire p-MOSFETs [260] and 14nm Si bulk FinFETs [261].

Afterwards, a thorough study of the drain current local variability in advanced FDSOI
MOSFETs and, for the first time, a fully functional drain current mismatch model valid in all
operation regions is presented [262]. In addition, it has been demonstrated that the gate oxide
thickness scaling is responsible for the high leakage currents due to tunneling through the gate
oxide [52]. Since the gate current can be used as a characterization tool for the oxide
thickness, investigation of the gate current local variability and development of a model
which properly describes these variations are also required. Indeed, for the first time, we
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present a gate current local variability model, based on the local fluctuations of the threshold
voltage, V,, and the gate oxide thickness, #,.. The proposed models for the drain and gate
current mismatch were verified, using a Lambert function based compact model and
performing Monte Carlo simulations that reproduce accurately the experimentally measured
current variations.

Finally, the drain current compact model of Chapter III implenteded in Verilog-A
code has been used to examine the impact of drain current variability on fundamental circuits
in Cadence Spectre.

V.2 Mismatch test structures

Variability measurements require special equipment such as the fully automatic probe
station depicted in Figure V-1.

Figure V-1 300mm Cascade MicroTech probe station.

The mismatch phenomenon is characterized by measuring two identical MOS devices
(namely, MOS1 and MOS2) within the same die, the so-called “pair” transistors. These
transistors have the following main features:

v' Placed in pairs
Spaced by the minimum allowed distance defined by the technology node
Laid out in an identical environment

A NERNERN

Electrically independent with symmetric connections.

MATCH PAIR

DEVICE 1 DEVICE 2
MOS 1 Bain o

SOURCE
1=l
Mgt = NeN2

GATE [J VA
I FIN e M1
Y MoL

(@ (b)
Figure V-2 Example of paired (a) Bulk MOSFETs and (b) FinFETs.

Gate
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Examples of matched transistors are illustrated in Figure V-2 for two different
technologies.

Every time we perform local variability measurements, a large number of pair
transistors is necessary in order to ensure a significant statistical population. For this reason
300 mm wafers and a B1500 Agilent unit with a fully automatic 300mm Cascade MicroTech
probe station were used in our experiments.

V.3 Drain Current Local Variability from Linear to Saturation Region

V.3.1 Drain current mismatch model from linear to saturation region

In order to build a general drain current mismatch model, the main sources of drain
current local variability have to be taken into account through the sensitivity of the drain
current to the MOSFET parameters, i.e V,, f and Ry. Therefore, considering the first order
Taylor approximation, the drain current variation can be expressed as the sum of the principal
contributions as [258],

&: i% dV[+ i% dﬁ+ L a]l’ .dde Eq. V.
1, \1, o, 1, op I, 3R,
After calculating the partial derivatives of I, with respect to V,, f and Ry, the
expression describing the drain current mismatch in the linear region is obtained as [258],

A )8 e t-Gor (e aer)  rava

where o(4V)) a(46/p) and o(4R,,) are the standard deviations of the threshold voltage, the gain
factor (Eq. 11.16) and the SD series resistance mismatch respectively, g, is the

transconductance and G, is the channel conductance in the linear region.

Furthermore, a useful approach concerning the mismatch study in linear operation is
based on the Y-Function (Equation I1.13), which is independent of Ry,. Indeed, a Y-Function
based methodology has been proposed in order to extract directly the V, and § local variations,
using the mismatch of the Y-Function [258]. According to [257], the Y-Function mismatch
can be modeled from weak to strong inversion by,

(674 PRI +1"’2£Aﬂ) Eq. V.3
A 4-ﬁ~n2~(k'%j2+Y2 4 P !

The limitation of all above equations is that they are only valid in the linear operation
regime. In the present work, the drain current local variability model described in [257] has
been extended in order to include the saturation region in the calculation of the drain current
mismatch. Using again the sensitivity analysis as in Eq. V.1 and making the assumption that

= de

R =R, A

s

Eq. VA4

the partial derivative of 1, with respect to R,, can be calculated as,
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1o, g,

E@_T 8a Eq. V.5

where g, is the output conductance.

As a result, combining Equations V.1 and V.5, it is easy to show that the drain current
local variability from weak to strong inversion in both linear and saturation regions can be
described by,

GZ(AIZ"J :(%I -GZ(AV,){@—(%+gdj.RmTJ~az[Aﬂﬁj+[g2’" +ng2 -o’(AR,)  Eq. V.6

Note that, as compared to Eq. V.2 which is valid in the linear region, Eq. V.6 is
generalized by including also the saturation region as manifested by the transconductance
contribution that may dominate the output conductance term for large drain voltage.

V.3.2 Drain current mismatch model validation

V.3.2.1 Experimental Results

The devices measured in this work are bulk n-MOS transistors, issued from a 28nm
planar CMOS technology with channel width (W) varying from 10 down to 0.08 um and
channel length (L) varying from 5 down to 0.03 um. The devices were fabricated by ST
Microelectronics in France and present also pocket implants. A sample of 70 pairs of identical
MOS transistors (namely, MOS1 and MOS2), was necessary for matching measurements.
Drain current measurements in both linear (V; = 30 mV) and saturation regions (V; = 1 V)
were performed. Figures V-3(a)-(d) present typical /,-V, characteristics in both linear and
saturation regions, illustrating the single device variability over full wafer for the nominal
device.
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Figure V-3 Experimental 14(V,) variability characteristics and their mean value in linear (a, ¢)

and logarithmic scale (b, d) at low (a, b) and high (¢, d) drain voltage of an ensemble of 70 bulk n-
MOSFETs with channel width W = 0.08 um and channel length L = 0.03 pm.
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As in nominal dimension devices, the drain current difference between two paired
transistors might reach several decades, the drain current mismatch, 47,1, is no longer
evaluated with a linear difference but using the log difference as [257],

WAL/
— Eq. V.7
Id ]dl q

where 1,;; and I, refer to the drain current of MOS1 and MOS?2 pair.

Figure V-4(a) presents the drain current local variability of n-MOS paired transistors
of the nominal geometry, measured in the linear region. Note that the drain current deviation
below threshold voltage exceeds 2 decades, making essential the use of the logarithm in Eq.
V.7. The respective Y-parameter mismatch presented in Figure V-4(b) shows a similar trend.

Moreover, the drain current mismatch at high drain voltage is illustrated in Figures
V-4(c) and (d) for a small and a large area device, respectively. As expected, according to
Pelgrom’s Law, the drain current mismatch is significantly lower in large area devices.

0204060810 0204060810
Gate Voltage, Vg V)

Figure V-4 Typical Al4/14(V,) (a) and AY/Y(V,) (b) curves in linear region for n-MOS devices
with W = 0.08 pm and L = 0.03 pm. The corresponding Al4/I4(V,) characteristics at saturation
region for a small (¢) but also for a large area device (d).

In Figures V-5(a) and (b), the normalized standard deviation of the drain current
mismatch, o(41/1,), is plotted as a function of the gate voltage, V, for various geometries in
the linear and saturation regions, respectively. Note that, at low drain voltage, there are
clearly cases at strong inversion where an increase of o(41,/1;) with V, is observed. This
increase, which is not observed in all geometries, was attributed to SD series resistance
variability in FDSOI devices [257]. Therefore, it appears that this phenomenon also exists in
bulk devices. On the other hand, we observe that, for the same geometries, no such behavior
is clearly observed in the saturation region (see Figure V-5(b)).

In order to verify our model, we used Eq. V.6 to fit the experimental data with 3
fitting parameters, the threshold voltage mismatch, a(4V,), the current gain factor mismatch,
o(46/p) and the R, mismatch, o(4R,), in all operation regions. The value of R, was extracted
with the Y-Function method using several gate lengths [56].
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Figure V-5 Normalized standard deviation of the drain current mismatch versus gate voltage, V,,
for different geometries in linear (a) and saturation region (b).

The results are displayed in Figures V-6(a) and (b). Concerning the saturation region, we

extracted values for o(4V,), o(45/p) and o(4R,y), which are consistent with those extracted in

the linear region. As shown in Figure V-6(b), we achieved good agreement between

experimental and model results. This indicates that the influence of 4R, can be significantly

attenuated in the saturation region.

(b)

Exp. W/L (um) Model
= 10/0.03 —
= 1/0.05 —

0.08/0.03
o 1/0.03 —
0.5/0.1
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V,=1V

| ' | L 1 1

C L 1 ud | s | s
02 04 06 038 02 04 06 08 1.0

Gate Voltage, Vg V)
Figure V-6 Experimental results (symbols) of 6°(41,/1,) versus gate voltage, V,, for small and
large area devices in linear (a) and saturation (b) region and Model (lines).
This feature can be understood through the last term of Eq. V.6 which relates the drain current
sensitivity with 4R, indicating that /, is at least twice less sensitive to Ry, in the saturation
region, where g, is almost equal to 0 (see Figure V-7). This observation is confirmed in
Figures V-8(a) and (b), where the individual matching parameter id,(V,) (Eq. V.8) is
presented for various geometries in the linear and saturation regions, respectively.
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ID ID
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Figure V-7 Channel conductance, g, as a function of the gate voltage, V,, in linear (solid line) and
saturation region (dashed line) calculated from the nominal device (W = 0.08 um and L = 0.03
um).
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Figure V-8 Individual matching parameter i4 Avg Versus gate voltage, V, extracted by

experimental data in linear (a) and saturation region (b) for different geometries.

The plateau observed in Figure V-8 at low gate voltages nearly corresponds to the
individual matching parameter id,y; (Eq. V.9). Note that the abnormal behavior of id,y,(V,)
observed at low gate voltages in long channel devices is due to the fact that the devices are
pocket implanted [263].

id,, =o(AV,)~W - L Eq. V.9

As we can see in more detail in Figure V-9, (4V,) has almost the same value for both
linear and saturation regions. The difference observed between the two regions at high V,
values is due to the o(4R,,) difference, while the slight increase of i4.4y, in strong inversion is
due to a(4p/p). From Fig. V-9, it is also clear that the parameter id,y, is smaller at V,=1V,
since the impact of 4Ry, on the drain current variability is less in the saturation region (Eq.
V.6).

Figures V-10(a) and (b) present the individual matching parameters id,y, and id .
respectively, as a function of the gate length (Equations V.9 and V.10).
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Figure V-9 Individual matching parameter, iA,v, versus gate voltage, V, in linear (black
symbols) and saturation region (red symbols) for an n-MOS with W =1 pm and L = 0.05 pm.
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The values corresponding to the id,;; parameter are ranging between 2 and 6.5

mV-um, in agreement with [264], increasing slightly with the gate length. Moreover, id4

ranges from 0.4 to 0.6 %-pm, verifying that our fitting with including the gain factor

mismatch is correct. Last but not least, the standard deviation of the SD series resistance
mismatch versus the channel width is presented in Fig. V-11. As can be seen, the R, and the

o(4R;,) follow the same trend and more specifically their values decrease as the channel width

increases. Furthermore, a dependence on the gate length is observed at fixed width. Finally, it

was found that the normalized series resistance local variability, o(4R,,)/R,4, is of the order of
5-20%, which is similar to FDSOI technologies [257].
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Figure V-11 Source — Drain, SD series resistance (blue symbols) and its mismatch both in linear
(black symbols) and saturation region (red symbols) versus channel width, W for 28nm BULK n-

MOSFETs.
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V.3.2.2 Simulation Results

To further verify the findings presented above, numerical simulations of drain current
mismatch characteristics were performed in both linear and saturation regions. In order to
accurately reproduce the drain current local variability behavior, a MOSFET compact model
based on Lambert W-function was used and is recalled below [265],

w'i
T [y VU O.V,,U ) U,
L,V V,)= . Eq. V.11
T iy (V,.0,) a
I+ [P 0ZC RY,,U)AU,

0 vsal

where the inversion charge Q; is given by,

kT %VKE;U‘
owv,u)y=C,n—LW)e " Eq. V.12
q

with U, being the quasi Fermi potential along the channel, C,, being the gate oxide
capacitance, k7/q the thermal voltage, n the subthreshold ideality factor and vy, the saturation

carrier velocity. The factor R is related to inversion capacitance and gate oxide capacitance as
[265],

C
RWVU)=—Sm v
Velo=c— e Eq. V.13

my

where C;,, is the inversion charge capacitance. This factor allows to activate the saturation
velocity effect in strong inversion (R=/) and to cancel it in weak inversion (R=(0). The
effective mobility u.; is related as usual to the inversion charge by the first order
approximation,

Ho
Hoff = ————— Eq. V.14
7 1+01-(Qi/cox)
where 1 is the low field mobility and 6, is the first order mobility attenuation coefficient.

The effect of the SD series resistance has then been taken into account through the
gate and drain voltage drops as

Ve =Veo=("4 )1, @

Vd:V:iO_de'ld (b)

Eq. V.15

with V, and ¥V being the intrinsic gate and drain to source voltages, respectively.

Then, based on the above MOSFET model, the standard deviation of the drain current
variability has been calculated numerically using the sensitivity equation V.1 for /; with
respect to V,, f and R,, for any gate and drain voltage. Figure V-12 shows typical simulated
variations of o(41,/1,) with V, in the linear and saturation regions. It confirms that the 4R,
mismatch has a smaller impact on the drain current variability in the saturation region, thus
verifying the experimental results behavior. This finding is also supported by the simulated
individual matching parameter characteristics, id,y,(V,), which is also lower in saturation
region (see Fig. V-13).
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Figure V-12 Simulation results of 6(41,/1,) Figure V-13 Simulation results of parameter

versus gate voltage for n-MOS devices with id,,, versus gate voltage for n-MOS with

channel length L =1 um and channel width W =
1 um for linear (solid line) and saturation
(dashed line) regions.

channel length L = 1 um and channel width W
= I um for linear (solid line) and saturation
(dashed line) regions.

V.4 Drain Current Local Variability in linear region including all drain
current mismatch sources

V.4.1 Drain current local variability model in linear region including all drain
current mismatch sources

In the previous section, in order to build the drain current mismatch model of Eq. V.2,
the partial derivatives of the drain current, [, with respect to the threshold voltage V,, the
current gain factor § and the source-drain series resistance R,, have been calculated. However,
the sensitivity of the drain current to the MOSFET’s subthreshold slope (SS) was not taken
into account. Therefore, the need of a model including all the main sources of drain current
local variability led us to the extension of Eq. V.2. This way, the drain current mismatch in
linear region is obtained as

o(lay - [?J S(AV,) +(1-G,.R,)) .c(AB/ B) +...

[d d
]n(lid) 2 exp(—[d—"h)—l ’ o(An)’
I I Con?

dth d

Eq. V.16

.G2o(AR )’ +

where 1, is a constant current near threshold and 7 is the ideality factor through which the SS
variability is described, since

n=—o>=
k-T-SS

Eq. V.17

Consequently, this model relies on four matching parameters: o(AV,), o(AL/p),
0(AR,y) and o(4n).

Similarly, the Y-Function mismatch model described by Eq. V.3 has been also
extended so as it includes all the main sources of drain current mismatch:

B-o(AV)’
4--n*-(kT/q) +Y

2 / ) )
{m( . )} {exp(—;’m)—l} _f’<:f>

d,th d

ov(A—YY)2 = - +%.6(AB/B)2 o

Eq. V.18
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V.4.2 Drain current mismatch model validation in sub 15nm Si/SiGe Trigate
MOSFETSs

Tri-gate nanowire MOS transistors are nowadays recognized as promising
architectures for continuing the scaling down beyond FinFET and FDSOI CMOS
technologies [28], [29], [30]. High performance strained Si/SiGe Trigate NW p-MOSFETs,
fabricated at CEA-LETI according to a process detailed in [266], were demonstrated down to
I5nm gate length. In such advanced technologies, the device-to-device variability should
become a critical issue, jeopardizing the functionality of analog and logic circuits like SRAM
cells.

Both Si and SiGe(30%) channels made on SOI or SGOI substrates with 145 nm BOX
were available. The NW features 12 nm film thickness and 2 nm EOT HfSiON gate dielectric
with TiN metal gate. SiGe(30%) source-drain compressive stressors were added to enhance
the strain in the device. The channel mask width W was varied from 30 nm up to 10 um
(effective width 20 nm smaller). The channel length L was ranging from 10 nm up to 1pum.

The 1,(V,) MOSFET transfer characteristics were recorded in linear region (V,; =
20mV) at wafer level. The local variability was measured owing to paired MOS devices
(MOS1 & MOS2) on a maximum number of dies up to 270.

V.4.2.1 Local Variability

Figures V-14(a) and (b) show typical statistical set of /,(V,) curves obtained on Si and
SiGe p-MOSFETs for MOSI1 structure. Note the huge drain current variability below
threshold (> 2 decades), which implies evaluating the drain current mismatch between pair
using the log difference (Eq. V.7), instead of the linear. An example of Al,/1,(V,) mismatch
characteristics is shown in Figures V-14(c) and (d) for SiGe and Si p-MOSFETs.
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Figure V-14 Typical set of 14(Vy) and Al¢/I4(V,) curves for Si and SiGe pMOSFETs. Bold line
shows mean value of I4(V,) (W/L in nm).

119



The standard deviation of the associated drain current oy4l,/1;) and Y-function
o(AY/Y) mismatch are shown in Figure V-15 versus gate voltage (symbols). The best fit
characteristics obtained with the mismatch models of Equations V.16 and V.18 are also
reported in Figure V-15 (solid lines).
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o(AId/Id)
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o(AId/Id)

SiGe30/40 SiGe30/40

0.1 | | 0.1 | |
0 0.5 1 1.5 0 0.5 1 1.5
-Vg (V) -Vg (V)
Figure V-15 Typical experimental (symbols) and modeled (solid lines) variations of o(Aly/14) (a,c)
and o(AY/Y) (b,d) with V, for local variabiliy in Si and SiGe p-MOSFETs (W=30 nm, L=40 nm).

The extracted normalized matching parameters are summarized in Table V-1 for two
geometries. The id,), and id,zs parameters were calculated by Equations V.9 and V.10.
Except for SiGe30/40 devices, the matching parameters are typically 2-3 times larger than in
state-of-the-art 14/28 FDSOI or 20/28 bulk technologies [259], which is quite reasonable for
such very advanced devices with not yet optimized processes.

~ WL@m) Ay (mVpm)  iAgg(%pm)  6(ARWRa)  o(Anm)
~ Si240/100 2.2 1.6 10% 6%
-~ Si3040 2.6 1.4 70% 11%
 SiGe 240/100 2.4 1.4 30% 17%
~ SiGe30/40 4.5 4.8 95% 20%

Table V-1 Matching parameters obtained from model fit for Si and SiGe NW p-MOSFETs.

A Dbetter comparison between matching results can be obtained by plotting the input
referred normalized matching parameter i, (Eq. V.8) and is shown in Fig. V-16. As has
been already mentioned above, in these plots, the minimum values of id,, roughly
correspond to id 4, whereas the increase at strong inversion mainly stems from o(44/$) and
o(4R,,) contributions [257], [259]. Note the worse behavior of SiGe devices against Si p-
MOSFETs as already pointed out in Table V-1.

Once the matching parameters have been extracted, the model (Eq. V.16) can also be
used to evaluate the contributions of channel and SD series resistance to the total mismatch of
the devices, %CH and %SD, respectively:

o( AL, /1, /[o(AV, ).o(4p/B).0(An/n),o(AR,, ) =0]
o( AL, /1, )*[o(AV,),a(AB/B),o(An/n).a(4R )] @) Eq. V.19
%SD=1-%CH (b)

%CH =
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Figure V-16 Experimental (symbols) and modeled (solid lines) variations of iA,y, with V, for Si
and SiGe p-MOSFETs (W/L in nm).

Figure V-17 shows typical variations of %CH and %SD with V, and indicates that
SiGe devices suffer more SD contribution than Si p-MOSFETs.
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Figure V-17 Variations with V, of channel (CH) and source-drain (SD) series resistance to total
device mismatch percentage for Si and SiGe p-MOSFETSs (W/L in nm).

V.4.2.2 Global Variability

The global variability of the drain current characteristics can also be studied with the
same procedure. Indeed, in this case, the drain current mismatch is no longer evaluated
between pair but between drain current values of devices from various dies all over the wafer
and a reference value here chosen as the mean value, /..., for all dies. Indeed, the log

difference
Al, /4 (1,
/d - ln( %i,meanj Eq. V.20

corresponds now to the global variability of the drain current. As for mismatch (local
variability), the standard deviation of the drain current global variability, o(4l,/1,), can be
calculated as well. Figure V-18 (symbols) shows typical global variability o(Al/1,(V,)
characteristics obtained on MOS1 structures for both Si and SiGe devices. A similar behavior
with ¥, as compared to the drain current local variability of Figure V-15 is observed.

Therefore, the matching model of Eq. V.16 can be used to fit the characteristics and,
by turn, to extract the global variability parameters as for mismatch (Figure V-18, solid lines).
Since the local variability can be regarded as a local noise source, for the sake of comparison,
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the global variability of drain current has been normalized to the local variability such as

(Al /1) Gioba/ O(AL/13) 1ocar and plotted versus Vg in Figure V-19.
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Figure V-18 Experimental (symbols) and modeled (solid lines) variations of (Al4/14) with V, for
global variability in Si and SiGe p-MOSFETs (W/L in nm).
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Figure V-19 Variation with V, of global variability normalized by local variability (W/L in nm).

This figure indicates that, for SiGe devices, the global variability exceeds by 10 to
25% the local mismatch, whereas, for Si p-MOSFETs, the difference increases at strong
inversion going up to a factor 1.5 to 2. This is in agreement with the extracted parameters
used to fit the data of Figure V-18 where:

o(AV;)

Global ~ O-(A Vi )Local

A5,

O-(Ade )

Global

~1.3-1.8xo(AR,,)

Local

(a)
(b)
(c)

Eq. V.21
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Note also that the global variability increases with respect to the local variability in larger area
devices. This is in agreement with the fact that the local mismatch scales as the reciprocal
square root of device area, whereas the global mismatch is nearly constant with device area.

V.4.2.3 Monte Carlo modeling of drain current variability

The MOSFET compact model based on Lambert W function [86] analyzed in
Chapter II and described by Equations 11.26, I1.21 and I1.28 has been used to reproduce the
variability characteristics of these NW Trigate devices. The mean value of the MOSFET
parameters (V,, ug, n and R,;) have been extracted for various geometries from /-, mean
curves, enabling very good fit of characteristics to be obtained as illustrated in Figure V-20.
Then, based on the experimentally extracted matching parameters (o(4V,), a(45/5), 6(4AR),
o(4n/n)) reported in Table V-1, the individual MOSFET parameters were randomly generated
by a Monte Carlo (MC) process using a normal or log-normal distribution and, by turn,
employed for generating statistical set of /,(V,) characteristics for each geometry. It should be
noted that the log-normal distribution was used for huge variations of normalized f or Ry
parameters in order to avoid the onset of negative values in the random generation process.
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Figure V-20 Example of good correlation between experimental (symbols) and Lambert W
function (solid lines) of I; with V, for SiGe pMOSFETs (W/L in nm).

Based on this model, the variations with gate voltage of 41/1,, AY/Y, o(Al/I,) and
o(AS/S) were simulated and compared to the experimental data (Figure V-21). As can be seen
from Figures V-21(a) and (b), the mismatch characteristics of 41/, and AY/Y are well
reproduced by the Monte Carlo modeling. In addition, the standard deviation of drain current
I4 and voltage gain S mismatch characteristics are also well described (Figures V-21(c) and

(d)). The voltage gain is defined as
S = g% Eq. V.22
d

It should be noted that, here, we put forward the voltage gain mismatch as being a quantity
insensitive to S factor and mostly depending on threshold voltage, ideality factor and SD
series resistance variability. Moreover, note that the features of o{AS/S) with V, can be well
predicted by the MC compact modeling, emphasizing its physical soundness. However, no
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close-formed analytical equation as V.16 or V.18 has been derived for o(A45/S), justifying the
usefulness of our MC compact modeling.
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Figure V-21 Experimental (symbols) and modeled (solid lines) variations of Al/I;, AY/Y,
o(Aly/1,) and o(AS/S) with V, for local variability in Si p-MOSFETs (W/L in nm).

V.4.3 Drain current mismatch model validation in 14nm FinFETs

As already mentioned in Chapter I, Bulk Si FinFETs are very attractive devices for
sub 22nm CMOS technologies as they are presenting several advantages against planar bulk
MOSFETs [267], [268]. Indeed, they offer improved short channel behavior due to their ultra
thin body structure and expected low variability due to their lightly-doped channel. Previous
studies have reported good variability performance of FinFETs in terms of threshold voltage
and current gain factor mismatch for Fin width down to 10nm both experimentally [269] and
from simulation [270]. Nevertheless, in such advanced technologies, the local variability
could become a critical issue for very narrow Fin subject to aggressive etching process,
jeopardizing the functionality of analog and logic circuits like SRAMs.

The Si bulk FinFET devices under study have been fabricated at IMEC according to a
process detailed in [271]. Self-aligned double patterned fins receive a dual interconnect
process sequence. The gate stack consists of a 1.8 nm HfO, high-k dielectric completed by a
dual work-function metal for n-MOS/p-MOS. The S/D of the devices is respectively built
from Si:P and SiGe:B (=70% Ge content) epitaxially regrown on recessed fins. The flow is
concluded by a single layer of metallization and passivation. The Fin structure has a W=7
nm width and a Hj,=26 nm height. The NMOS and PMOS devices under test have gate
lengths varying between 28 nm and 34 nm and feature multi-fingers structures with number
of fins N, ranging between 2 and 22 as depicted in Figure V-22.

The 1,(V,) MOSFET transfer characteristics were recorded in linear region (V;=50
mV) at wafer level. The statistical analysis has been performed on at least 140 dies of paired
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devices (MOS1 and MOS2) in order to ensure a good accuracy for the mean value (< 3%) and
standard deviation (< 6%) estimations. Similarly to the previous analysis, the drain current
mismatch was evaluated using the log difference (Eq. V.7).

NMOS PMOS
30 30
™ |
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Nfin Nfin
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L=28, 30, 34 nm L=28, 30, 34 nm

Figure V-22 Dimensions of tested FinFET devices: number of fins Ng, versus gate length L.

V.4.3.1 Local Variability

Figures V-23(a) and (b) show typical statistical set of /,(V;) curves in linear and log
scale obtained on n-MOS FinFETs for MOSI1 structure. As in 28 nm Bulk MOSFETs and in
Trigate FinFETs note again the huge drain current variability below threshold (> 3 decades),
which implies evaluating the drain current mismatch between pair using the log difference
(Eq. V.7). Examples of Al/1,(V,) and AY/Y(V,) mismatch characteristics are shown in Figure
V-23(c) and (d) n-MOS FinFETs with N;,=2 and L=28 nm. Similar results were also
obtained for p-MOS FinFETs.

Id (A)
Id (A)

Ald/Id

(d)
Figure V-23 Typical set of 14(V,), Al¢/I4(Vy) and 2:AY/Y(V,) curves for n-MOS FinFETs with
N5y=2 and L=28nm. Bold blue line shows the mean value of I4(V,) characteristics.

The standard deviation of the associated drain current oy4/,/1;) and Y-function
o(A4Y/Y) mismatch were calculated from mismatch characteristics versus gate voltage are
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shown in Figure V-24 (solid red lines). The best fit characteristics obtained with the mismatch

models of Equations V.16 and V.18 are also reported in the same figure (dashed blue lines).
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Figure V-24 Typical experimental (solid line) and modeled (dahsed line) variations of c(Al/1y)
and o(AY/Y) with V, for local variabiliy in n-MOS FinFETs with L=28 nm/N;,=2 ((a)-(b)) and
L=34 nm/Ng,=20 ((c)-(d)).

The extracted area normalized matching parameters, id,; and id,pp have also
calculated from Equations V.9 and V.10 respectively and are plotted as a function of area in
Figure V-25 for n and p-MOS FinFETs.
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Figure V-25 Variations of normalized matching parameters iA,v; and iAg with device area for
n ((a)-(b)) and p ((c)-(d)) MOS FinFETs.
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Note that the threshold voltage matching parameter, i4 4y, is ranging between 1.2 mV-um to
1.7mV-um for both n and p MOS FinFETs, which constitutes state-of-the-art values for such
advanced devices, especially for the smallest ones. The gain factor matching parameter, i4 44,
is also taking very good values around 1%-pum, which is quite remarkable for such ultra thin
body, underlining the very good etching process of the Fin fabrication. It should also be noted
that these matching parameters compare very well to 14/28 nm FDSOI planar results [259].

The SD access resistance mean value Ry, and standard deviation o{4R,,) are plotted in
Figure V-26 versus effective device width W, calculated as,

W, =2-H, +W, Eq. V.23

Note that, as already found for 14/28 FDSOI devices [259], they nearly scale as 1/W,; and
that o{AR,,)/R,, is almost constant around ~10-15%.
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Figure V-26 Variations of Ry, and 6(AR,,) with device effective width W for n (left) and p
(right) MOS FinFETs.

Once the matching parameters have been extracted, the drain current mismatch model
(Eq. V.16) has also been used to evaluate the contributions of channel and SD series
resistance to the total mismatch of the devices, %CH and %SD, respectively, as already done
in trigate nanowires. Figure V-27 shows typical variations of %CH (Eq. V.19(a)) and %SD
(Eq. V.19(b)) with gate voltage and indicates that the SD contribution increases significantly
above threshold, especially for the smallest device (L=28nm/N;,=2), whereas the channel
contribution dominates below threshold as expected.

28/2 34/20

%CH %CH

05~ 05~ .
%SD .

%SD

Vg(V) Ve(V)

Figure V-27 Variations with V, of channel (CH) and source-drain (SD) series resistance to total
device mismatch percentage for n-MOS FinFETs with L=28 nm/Ng,=2 (left) and L=34
nm/Ng,=20.
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V.4.3.2 Global Variability

The global variability of the drain current characteristics of these bulk FinFETs can
also be handled with the same procedure. By applying the same methodology explained in the
previous section, the drain current global variability and its’ standard deviation have been
calculated. Figure V-28 (solid red line) shows typical global variability o(Al/1,)(V,) and
o(AY/Y)(V,) characteristics obtained on nMOSI structures for 2 geometries. Again, as in the
case of trigate nanowires, a similar behavior with gate voltage as compared to the drain
current and Y-function local variability of Figure V-24 is observed. Therefore, the matching
model of Eq. V.16 has also been used to fit the characteristics and, in turn, to extract the

global variability parameters as for mismatch (Figure V-28, dashed blue lines).

o(AId/Id)

o(AId/Id)

10

0.1

10

0.1

[
28/2
]
0 0.5 1
(@)
[
34/20
]
0 0.5 1
Vg (V)
(©

o(AY/Y)

o(AY/Y)

—

10 T
28/2
1f-
0.1 '
"0 0.5
(b)
10 T
34/20
£ _
|
0.1
0 0.5
Vg (V)
(d)

—

Figure V-28 Experimental (solid red line) and modeled (dashed blue line) variations of c(Al4/1,)
and o(AY/Y) with V, for global variability in n-MOS FinFETs with L=28nm/Ng,=2 (top) and

L=34nm/N;;,=20 ((c)-(d))
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Figure V-29 Variations of 6(Al4/14) with V, for the global variability in n-MOS FinFETs for all
studied geometries.
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The global variability parameters used to fit all the data have been found nearly independent
of device area investigated here:

AV, gy = 40MY @)
G(A%)Global ~ 15%
AB ) ~30% Eq. V.24
O-( /ﬁ Global 30/ (b) q
O-(ARSd )Global ’ VVejf ~ 24OQ s Hm (C)

This feature is in agreement with the fact that the local mismatch scales as the
reciprocal square root of device area, whereas the global mismatch is nearly constant with
device area as confirmed in Figure V-29 where the drain current global variability
characteristics are represented for all the geometries.

V.4.3.3 Monte Carlo modeling of drain current variability

In order to further validate the drain current local variability model, a Monte Carlo
process was applied as described in details in V.4.2.3. Indeed, using the MOSFET compact
model based on Lambert W function [86], the variability characteristics of these FinFET
devices were reproduced. The mean value of the MOSFET parameters (V,, 1y, n and Ry;) have
been extracted for various geometries from /,-V, mean curves, enabling very good fit of
characteristics to be obtained as illustrated in Figure V-30. Then, based on the experimentally
extracted matching parameters (o(4V)), o(45/5), o(4R,,) and o(4n/n)) reported in Figures
V-25 and V-26, the individual MOSFET parameters were randomly generated by a Monte
Carlo process using a normal or log-normal distribution and, in turn, employed for generating
statistical set of 1,(V,) characteristics for each geometry.

(V) p1

| | |
0 0.2 0.4 0.6 0.8

Ve (V)

Figure V-30 Experimental (solid red lines) and modeled (dashed blue lines) variation of the drain
current, I; with the gate voltage, V, for an n-MOS FinFET with L=28nm/Ng,=2.

Using this model, the variations with gate voltage of Al/1,, AY/Y, o(Al/l,) and
o(AS/S) were simulated and compared to the experimental data (Figure V-31). As can be seen
from Figures V-31(a) and (b), the mismatch characteristics of A1/1; and AY/Y are well
reproduced by the Monte Carlo modeling. Moreover, the standard deviation of drain current /,
and the voltage gain S (Eq. V.22) mismatch characteristics are also well simulated (Figures
V-31(c) and (d)).
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Figure V-31 Experimental (solid red lines) and MC modeled (solid blue lines) variations of AL/,

AY/Y, o(Aly/l4) and o(AS/S) with V, for local variability in n-MOS FinFETs with
L=28nm/Ny,=2.
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V.5 All operation region Drain Current Local Variability

After having verified in linear region the validity of the drain current local variability
model including all the main sources of drain current mismatch (Eq. V.16), it was considered
necessary to extend this model to all operation regions. Indeed, combining the models
described by Equations V.6 and V.16, a universal mismatch model was developed, valid in all
operation regimes and including all main sources of drain current local variability -assumed to
be uncorrelated- namely the threshold voltage, o(4V,), the current gain factor, a(4f5/p), the
source-drain (SD) series resistance, o(4R,,) and the subthreshold slope (SS) ideality factor,
o(4n/n) mismatches and is given by:

(o) - 5 n e

a

2 : -1, ’
+(g7m+gd} -O—Z(ARlvd)+|:ln([]d )} -{exp([d”%l} 'UZ(A%)

d,th

Eq. V.25

It should be noted that this model goes beyond Croon’s model [251] as it includes the
series resistance mismatch, and beyond Magnone’s [255], which was limited in the
subthreshold region. Moreover, unlike Croon’s and Magnone’s studies, our modeling
approach is extended to the non-linear operation, therefore providing drain current mismatch
as a function of both gate and drain voltages from weak to strong inversion.

130



V.5.1 Drain current mismatch model validation in 14nm FDSOI MOSFETSs

In order to confirm the proposed model (Eq. V.25) an advanced FDSOI CMOS
technology [85] was employed. The devices measured in this work are n-MOS transistors
fabricated by ST Microelectronics in France. The channel lengths (L) and widths (W) are
lying in the range of 0.02 to 0.35 pum, and 0.06 to 0.3 pm, respectively. The mid-gap metal
gate/high k dielectric front gate stack features a 1.2 nm equivalent oxide thickness (EOT)

while the undoped silicon channel thickness is #; = 6 nm and the buried oxide (BOX)
thickness is tzoxy = 20 nm.

Static drain current measurements as a function of drain voltage were performed on
an ensemble of 90 pairs of identical MOS transistors distributed over the 300mm wafer.

V.5.1.1 Local Variability

Figure V-32 presents typical IV, and I,V, characteristics for different

polarizations, revealing the variability over full wafer for the nominal device (W = 0.06 um
and L = 0.02 um).
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Figure V-32 Experimental input, I4(V,) (a, b) and output, I4(Vy) (c, d) characteristics and their
mean value for different polarizations.
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Figure V-33 Al/14 curves versus gate (a, b) and drain (c, d) voltage for different polarizations.
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The corresponding drain current mismatch, 41,/1,(V,) and 41,/1,(V,) is then calculated
using the logarithmic difference of the drain currents, /,;; and /,; (Eq. V.7) [257] and the
results are illustrated in Figure V-33.

To quantify drain current variations, we calculated the standard deviation of its
mismatch, o(41/1,), normalized by (W-L)"”? [42]. In Figure V-34, the normalized standard
deviation of the drain current mismatch as a function of gate voltage is presented for various
small and large area devices operating at linear region (¥, = 30 mV). As can be seen in Figure
V-35(a), the dependence of a(41,/1,) on the gate voltage is changing from linear (V; = 30 mV)
to saturation (¥; = I V) region and the dependence on drain voltage is also affected from
moderate (V, = 0.5 V) to strong (V, = 1 V) inversion (see Figure V-35(b)).
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Figure V-34 Normalized standard deviation of the drain current mismatch versus gate voltage.
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Figure V-35 Normalized drain current mismatch variance versus gate (a) and drain (b) voltage.

In order to capture this behavior the universal drain current mismatch model of Eq.
V.25 was used. In fact, using 4 fitting parameters (a(4V,), o(45/p), 6(4AR,,) and o(4n/n)), and
the Levenberg-Marquardt algorithm, the experimental data were fitted in all operation
regimes. As illustrated in Figure V-36, a very good agreement between experimental and
model results was achieved for all cases.

Afterwards, the gate input referred normalized matching parameter id,y, (Eq. V.8)
that can probe the current mismatch variations in a more insightful way was calculated for all
cases. In Figure V-37, the dependence of id,;, with gate and drain voltage is presented.
Indeed, as was already explained in section V.3.1, it appears that the influence of 4R, is
attenuated in saturation region. In Figure V-38, id,, is plotted versus /g, for all the
different polarizations, revealing a common curve whatever the bias conditions, similarly to
the gate input referred noise Sy, behavior in MOSFETs [197]. As in the Sy, analysis, where
the dependence of Sy, on 1,/g,, is related to the mobility fluctuations impact, the slope of the
plot id,y, versus 1/g, mainly depends according to Eq. V.25, on the individual matching
parameter id,3; and iA.g., Whereas the intercept with the vertical axis is directly related to
iAn.

132



W(um) / L(um)
o 0.06/0.02 0.06 /0.35
o 0.3/0.02 v 03/035

L=30mV (a) _

by, V

02 04 06 08 1.0 02 04 06 08 1.0
Gate Voltage, V (V)

@ Vo1V

— T T T T T T
Vv _=0.5V ©)

Mismatch variance, cz(AID/ID)

TITLLILT

vvvvvvvvvvvvvvvvvvvvvvvvvvvvvvvv

" | L 1 L 1 L | L | | | 1 1
02 04 06 08 10 02 04 06 08 1.0
Drain Voltage, V_ (V)

Figure V-36 Experimental results (symbols) and model (lines) of 6’(Al/1,) versus gate (a, b) and
drain (c, d) voltage.
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Figure V-37 Individual matching parameter, iA,y, versus gate (a) and drain (b) voltage.
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Figure V-38 Individual matching parameter, iA,v, versus l4/g,, for a small (a) and a large (b)
area device.

We can thus extract i4,;, and an effective id 5™ (including S and Ry, fluctuations) for various
channel geometries using linear fit on the data of Figure V-39. As a result, although the trend
is the same, there is a small deviation between the values extracted from matching model (Eq.
V.25) and those obtained using the above methodology, as illustrated in Figures V-40 and
V-41, reflecting for some geometries the extra contribution of Ry variations to id,zs*.
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Therefore, this iAAVg2 vs (I/g,)° extraction method can only be regarded as a simple
procedure to get a first approximate of the main matching parameters i.e. id,y; and idpp,
useful for characterization purpose.
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Figure V-39 Individual matching parameter, iAAVg2 versus (I4/g,)’ extracted by experimental
input (a, b) and output (c, d) characteristics for different geometries.
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Figure V-40 Extracted values of iA,v, versus area (W-L) from the model (red symbols) and from
Figure V-39 characteristics (blue symbols).
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Figure V-41 Extracted values of iA gz (red symbols) and iA g4+ (blue symbols) versus area (W-L).

In Figure V-42, the values of id,y; (Eq. V.9) and id,s5 (Eq. V.10) extracted from the
matching model (Eq. V.25) for all cases are presented as a function of the device area.
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Figure V-42 Extracted values of iA v and iA,g by input and output experimental data versus
area (W-L) for 14nm FDSOI devices.

In Figures V-43(a) and (b), we present the standard deviations of the ideality factor
and the SD series resistance as a function of the gate area and the channel width, respectively.
As can be seen from Figure V-43(a), the ideality factor as well as its mismatch, are almost
constant with the device area. Moreover, as presented in Figure V-43(b), Ry, and o(4Ry,)
follow overall the same trend and more specifically their values decrease as the channel width
increases with some insignificant variation with gate length at fixed gate width. Additionally,
the ideality factor and series resistance mismatch parameters for both cases were calculated
and i4,,,, was found to be around 0.2 to 0.6 %-pum while o(4Ry)/R,, around 1-10%. Finally,
from Figures V-42 and V-43 it is clear that almost the same values were extracted for all bias
combinations, verifying the validity and the universality of the model.
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Figure V-43 Subthreshold slope ideality factor versus area (W-L) (a) and SD series resistance
versus width (b). Their corresponding standard deviation is plotted with open symbols.

V.5.1.2 Monte Carlo modeling of drain current variability

To further verify the findings presented above, Monte Carlo simulations of drain
current mismatch characteristics in all modes of operation were applied. For this purpose, the
compact model of Eq. V.26, valid in all operation regions, was used. Indeed, the MOSFET
drain current compact model based on the Lambert-W function [86] that was described in
Chapter II, was successfully extended in all operation regimes. The extended model is
presented in the following Equations V.26-V.30:

]a,o

1
! er{
1+gm,0 : Rs,e[f + 2 +8.0 Ry

Eq. V.26

where
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Eq. V.30

The DIBL and v, were used as fitting parameters, whereas for the other parameters
(Vis po, n, Ryq) the extracted values from the measured 7,(V,) and I,(V,) mean curves were
used. As can be seen in Figure V-44, a very good fitting with the experimental characteristics

for all cases was achieved with only two fitting parameters, namely D/BL and vy,
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Figure V-44 Experimental (symbols) and Lambert W function (lines) results of drain current
versus gate (a, b) and drain (c, d) voltage for n-MOS SOI devices with W=0.06pum and L=0.02pm.

Afterwards, based on the experimentally extracted matching parameters, a random generation
of the individual MOSFET parameters was performed using a MC process with a normal
distribution in order to compare the MC simulation results to the experimental data (see
Figures V-45 and V-46). It should be emphasized that the variations of 47,/1, as well as

o(41/1,), were very well reproduced as a function of both gate and drain voltages.

Finally, it should be mentioned that our local variability (matching) characterization

and MC modeling verification methodologies are simpler than the variability-aware compact
model methodology developed in [272] for circuit design. Our approach is more dedicated to
matching characterization purpose as materialized by the matching model of Eq. V.25.
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Figure V-45 Experimental (symbols) and modeled (lines) variations of AL/, versus gate (a, b)
and drain (c, d) voltage of an ensemble of 90 n-MOS SOI devices.
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Figure V-46 Experimental (symbols) and modeled (lines) variations of cAl/14 versus gate (a, b)
and drain (c, d) voltage of an ensemble of 90 n-MOS SOI devices.

V.6 Gate Current Local Variability

V.6.1 Gate Current Mismatch Modeling

In Figure V-47, typical I,(V,) characteristics measured at V; = 30 mV are presented,
revealing the gate current variability for a small and a large area device as well.

The corresponding gate current local variability, A1,/I,(V,) is calculated with the same way as

for the drain current (see

Figure V-48), namely:

AL

Eq. V.31
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Figure V-47 Experimental I,(V,) characteristics and their mean value at V4=30mV for a large (a)
and a small (b) area device.

Based on the fact that the main sources of the gate current mismatch are the local fluctuations

of the threshold voltage, V;, and the gate oxide thickness ¢,,, a simple expression for the gate

current variability was derived (Eq. V.34), using the sensitivity functions, SS, and S,

oInl/
sS, = (%Vg Eq. V.32
S,y = 5ln(l% Eq. V.33
oM/ ) = 552 o?(AV,)+S2, -o*(Ae,) E
Ig - e t tox ox q. V.34

G

G

02 04 06 038 0.4 0.6 0.8 1.0
Gate Voltage, V. (V)

Gate current mismatch, Al /I

Figure V-48 AL/I, curves versus gate voltage at V,=30mYV for a large (a) and for a small (b) area
device.
In Equations V.32 and V.33, the gate current was modeled based on the Lambert

function for the inversion charge (Eq. V.28) in the linear region and the simple gate current
model (Eq. V.35) [273]:

_ta,('HK QI tox
1g=W~L~f-Q,.-exp( 2 on)-exp[g v J Eq. V.35
where
v, =| 22 Eq. V.36
= "\1,.-HK 4 ¥
=15k -0"2)" Eq. V.37
4
Ke—'oagm._ V.
37 q-m, Eq. V.38

In Equations V.35-V.38, fis the mean escape frequency, m,, the effective electron
mass and ¢ the electron charge, » the reduced Planck constant, HK is the thickness
enhancement factor which accounts for the physical thickness of the high-k gate dielectric and
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@ is the barrier height. Notice that the parameters HK and & have the same values for all
geometries:

HK =19 Eq. V.39

O=1V Eq. V.40

With o(4V,) and o(4t,,) as fitting parameters, a good agreement between the model

and the experimental data was achieved (see Figure V-49), emphasizing the model

functionality. However, the parameter o(4V,) extracted from the gate current mismatch is

found to be larger (x 2-4) than the one obtained from the drain current mismatch, revealing
additional variability sources not fully accounted for by Eq. V.34.
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Figure V-49 Experimental (symbols) and model (lines) results of GZ(AIg/Ig) versus gate voltage for
a small and a large area device.

V.6.2 Gate Current Mismatch Model Verification through Monte Carlo
Simulation

In a similar way with the MC simulations of the drain current mismatch
characteristics, the same procedure was applied in order to reproduce the Iy(V,)
characteristics. Using the gate current model of Eq. V.35, the -V, mean curves were
accurately reproduced as shown in Figure V-50. Notice the very good agreement with the
experimental data with only two parameters, namely HK and @, constant for all geometries
and equal to the values used in Section V.6.1.
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Figure V-50 Experimental (symbols) and model (lines) results of gate current versus gate voltage
for a large (a) and a small (b) area device.

Finally, after MC simulations, the Alg/Ig variations and o(Als/lg) were reproduced in very
good agreement with the experimental data (see Figure V-51), revealing once more the
consistency of our mismatch model.
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Figure V-51 Measured (symbols) and modeled (lines) variations of Al,/l, and 6AlL,/I, versus gate
voltage in FDSOI devices with W=0.06 pm and L=0.02 pm.

V.7 Impact of Drain Current Local Variability on a Circuit’s Operation

In order to demonstrate the impact of the drain current mismatch on a circuit’s
performance, the 6T SRAM cell was simulated once more, this time including local
fluctuations. The local fluctuations of the threshold voltage, the ideality factor, the current
gain factor and the source-drain series resistance were taken into account by modifying the
corresponding lines of the code of Appendix A this way:

Vitf=Vib £+ ( (Vth/f2) * In( (NA/ni) * (1/(exp(f1/Vth))) ) ) +dVt;

h1 =hl1*(1+dn_n);

u0=93.5*exp(dbeta_beta);

where “dVt”, “dn_n” and “dbeta_beta” correspond to AV, An/n and Ap/f respectively. It is
obvious from the last line that the current gain factor fluctuations where incorporated into the

low-field mobility, x, in our model. This results from the following relationship, considering
constant W, L and C,,:

ﬂ:%ﬂocoxcwo:—ﬁ'L o dpy=dp 2 gy = Lo A0 D

W ’ Cox W ’ Cox ﬂ IUO ﬁ

Therefore, considering also log-normal distribution for the current gain factor local
fluctuations:

ln(/lo,in ital )*

48 %]
_ B _ B
Hy=¢€ = Hy = My initia1 €

Moreover, in order to include the source-drain series resistance local fluctuations in
our model, the following two lines were added in the Verilog-A code:

V(d,d_in)<+I(d_in,s_in)*(Rsd+dRsd)/2
V(s_in,s)<+I(d_in,s_in)*(Rsd+dRsd)/2

where dRsd corresponds to 4R, This means that Figure V-52 has been considered for the
MOSFET and therefore the terminals d and s in the code of Appendix A were replaced by
d_in and s_in respectively.

Then, in order to declare these local variations, the next following lines have been
added in the code:
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Figure V-52 Representation of n-MOSFET in Verilog-A including the effect of source-drain
series resistance.

This way, these parameters disengage themselves from the component initialization so that
they can be externally modified on a netlist level and used by the simulator (Spectre in our
case). Thus, an extra input file is needed where the parameters initial values as well as their
variations are declared, as follows:

parameters dVt=0 dbeta_beta=0 dn_n=0 dRsd=0 dVt p=0 dbeta_beta p=0 dn_n p=0 dRsd p=0
statistics {
mismatch {
vary dVt dist=gauss std=0.03 percent=no
vary dbeta_beta dist=gauss std=0.09 percent=no
vary dn_n dist=gauss std=0.07 percent=no

vary dRsd dist=gauss std=370 percent=no

vary dVt_p dist=gauss std=0.03 percent=no
vary dbeta_beta_p dist=gauss std=0.09 percent=no
vary dn_n_p dist=gauss std=0.07 percent=no
vary dRsd_p dist=gauss std=140 percent=no
H
H

At this point notice that typical local variation parameter values for this technology were used
while for reasons of simplicity and symmetry same values for both transistor types were
declared.

In our circuit n-MOSFETs with the nominal dimensions for the 28 nm FDSOI
technology (W=80 nm and L=30 nm) were used. For symmetry reasons, the p-MOSFETs
channel width was defined as W,=(8/3)-W,. After performing the SRAM “butterfly” curve
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simulation including the MOSFET parameters local fluctuations in the drain current model of
Chapter III, Figure V-53 was obtained, where an almost 52% degradation of SNM is observed
for the worst case.

Right Inverter

00 1 1 | 1
00 02 04 06 08 1.0

v (V)
out, right
Figure V-53 Impact of drain current mismatch on a 6T-SRAM cell. Black lines represent the
mean values of the curves.

On one hand, this finding further demonstrates the significance of local variations in
advanced nano-scale electronic circuits. On the other hand, since our implementation is based
on values extracted from experimental results, we can predict the impact of local variability
on any circuit’s behavior following a simple procedure.

V.8 Summary and Conclusions

The main sources of drain and gate current local variability have been thoroughly
studied. First, the impact of the SD series resistance mismatch on the drain current variability
has been investigated for 28 nm Bulk MOSFETs. A mismatch model that takes into
consideration the Ry, local variability was developed and used to extract all mismatch
parameters, including a(4V,), o(46/5) and o(4R,,), in the linear and saturation regions. It has
been demonstrated that the impact of Ry, on the drain current variability is reduced in the
saturation region due to the lower drain current sensitivity from the series resistance variation.
Furthermore, as in FDSOI devices, the SD series resistance mismatch, o(4R,,), was found to
scale down with gate width as Ry, and the normalized series resistance local variability
parameter o(4R,;)/R.; takes similar values as in FDSOI, demonstrating very good access
resistance control in bulk technology.

Then, a detailed statistical characterization of the drain current local and global
variability in sub 15 nm Si/SiGe Trigate NW p-MOSFETSs and in 14 nm Si bulk FinFETs has
been conducted. The main local and global variability MOSFET parameters (a(4V,), a(45/p),
o(4Ryy) and o(4n/n)) have been extracted owing to a generalized analytical mismatch model
valid in linear region. Our results indicate that, despite their very aggressive dimensions, such
devices maintain relatively good variability performance. Finally, a MC compact modeling of
the drain current variability has been developed. It provides a statistical MC simulation of the
local and global variability of drain current and voltage gain for such advanced devices.

Eventually, a complete investigation of the gate and drain current mismatch in
advanced FDSOI devices has been performed. In this aspect, a fully functional drain current
mismatch model, valid for any gate and drain bias condition has been developed. The model
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was validated using a Lambert function based compact model and performing full gate and
drain voltage range Monte Carlo simulations. In parallel, a gate current mismatch model
accounting for the main sources of variations has been also presented for the first time, and
verified by Monte Carlo simulations. These drain and gate current mismatch compact models
can easily be implemented in circuit simulation tools for circuit design and is applicable to
both bulk and FDSOI technologies.

Finally, the impact of MOSFET parameters local fluctuations on a circuit
performance has been demonstrated. Indeed, the drain current compact model of Chapter III
implenteded in Verilog-A code has been used to examine the impact of drain current
variability on a 6T SRAM cell. An almost 52% SNM reduction has been observed for the
worst case for a 28 nm FDSOI technology.
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VI Conclusions and Perspectives

VI.1 Summary and Conclusions

The goals of this dissertation arising from the scaling of new-era devices in the
modern MOSFET design were two: the development of an analytical and compact drain
current model, valid from weak to strong inversion, below and above threshold describing
accurately the transfer and output characteristics of short-channel FDSOI devices and the
investigation of reliability and variability issues of such advanced nano-scale transistors.

In the present thesis, we have developed a full gate voltage range methodology using
a Lambert W function based inversion charge model, for extracting the electrical parameters
in nano-MOSFET devices. We have also developped an analytical and compact drain
current model, valid from weak to strong inversion, below and above threshold describing
accurately the transfer and output characteristics of short-channel FDSOI devices.
Additionally, we have explored reliability issues, including HCI and NBTI of such nano-
scale transistors. Finally we have investigated variability phenomena in advanced devices of
different technologies, including 28 nm Bulk MOSFETs, sub-15nm Si/SiGe Trigate NW
MOSFETs, 14 nm Bulk FinFETs and 14 nm FDSOI transistors.

As far as the MOSFET parameter extraction in terms of [-V and C-V measurements
is concerned, we have introduced a new methodology for MOSFET parameter extraction
based on the Lambert W function. We have verified that the Lambert W function can describe
correctly the inversion charge with gate voltage in advanced FDSOI devices making it
suitable for a full gate voltage range parameter extraction from weak to strong inversion
region. The proposed methodology which takes into account both the back gate voltages and
the channel length can be readily applied to evaluate all electrical MOSFET parameters,
namely n, V,, uy, 0; and 0, in parametric test routines. A very good agreement between
experimental data and fitting results has been also obtained for both n- and p-MOSFETs for
various gate lengths, front and back gate voltage values. Furthermore, the split C-V technique
for the extraction of the intrinsic device parameters has been also explored. More precisely,
we have studied the impact of the AC signal oscillator level on the extracted effective
mobility as measured by split C-V technique. We found that the use of small enough
oscillator level allows extracting reliable effective mobility values for inversion charge down
to 10'°g/cm’ in the very weak inversion region. Finally, based on these observations, we have
developed a physical model enabling a quantitative description of both inversion charge and
effective mobility variations with the oscillator level and the gate voltage.

Concerning the drain current compact modeling study, we have developed a
threshold-voltage-based model, since such models are based on based on experimentally
measured external quantities and therefore they are expected to be more efficient for low-
frequency noise (LFN/RTN), reliability (NBTI/HCI) and variability compact modelings.
Indeed, we have derived simple analytical models for the front and back gate threshold
voltages and ideality factors based on the minimum values of the front and back surface
potentials of lightly doped UTBB FD-SOI MOSFETs. These models taking into account the
device geometry parameters and the applied bias voltages with back gate control were found
to be in very good agreement with both numerically simulated and experimental results for
devices with channel length down to 17 nm. Furthermore, we used these models in order to
develop an analytical compact drain current model for lightly doped short-channel UTBB
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FDSOI MOSFETs. Indeed we have shown that our drain current compact model accounting
for small geometry, saturation velocity, mobility degradation, quantum mechanical, velocity
overshoot and self-heating effects, can describe with good accuracy the input and output
characterisitics of 28 nm FDSOI MOSFETs for a wide range of back gate bias covering the
inversion, depletion and accumulation operation regimes. Finally, after implementing our
compact model in Verilog-A, we have simulated the so-called SRAM “butterfly” curve
improving its adequacy for implementation in circuit simulation tools.

Afterwards, we have thoroughly studied reliability issues including HCI and NBTI in
nanoscale UTBB FDSOI MOSFETs. Regarding to the first case, taking into account the fact
that the worst degradation condition occurs at V, = V,, we have investigated hot-carrier
degradation of nanoscale UTBB FDSOI n-MOSFETs under different drain and gate bias
stress conditions. After perfoming LFN measurements at room temperature in the frequency
and time domains, we have concluded that in fresh devices, the measured noise is composed
of 1/f noise related to gate dielectric traps within a tunnelling distance from the interface and
Lorentzian noise components related either to g-r traps in the silicon film or to metastable
RTN traps located at or near the gate dielectric/silicon interface. After HC-stress for short-
time, the results show that g-r and RTN traps are annihilated, which has been attributed to
hydrogen released due Si-H dissociation by HC-stress. However, after HC-stress for long-
time, the LFN is dominated by large RTN from the subthreshold to the above threshold
regions. In addition to the traps detected in the fresh device, analysis of simple RTN observed
in the HC-stressed device revealed the presence of additional RTN traps in the subthreshold
region. Additionally we found that there is no correlation between RTN amplitude and trap
time constants. The results also indicate that the RTN amplitude is determined by the
electrostatic impact of the trapped charge, following a modified CNF/CMF model. We have
proposed an analytical expression for the RTN amplitude including two physical parameters:
Q' related to the carrier number and mobility fluctuations and ¢ related to the trap location
over the channel. These parameters can be extracted from experimental data of the RTN
relative amplitude, enabling to predict the RTN level from the subthreshold to the above
threshold region.

Additionally, we have implemented semi-empirical models in terms of the stress
time, channel length, drain bias and gate bias in order to express the impact of the HC
degradation on the device parameters, enabling at the same time the possibility to predict the
device degradation stressed under different bias conditions, using a unique set of few model
parameters determined for each technology through measurements.

Concerning the NBTI stress, we have studied the device stress characteristics and the
recovery behavior under positive bias temperature stress of HfSiON gate dielectric UTBB
FDSOI p-MOSFETs. We have concluded that the NBTI stress is dominated by exchange of
channel charge carriers with pre-existing traps in the gate dielectric, while in the recovery
phase, the V; shift includes a fast initial transient, followed by a very slow non-exponential
transient. Last but not least, we have also developed an NBTI model by considering hole-
trapping/detrapping mechanisms, capturing the temperature and bias voltage dependence.

Eventually, we have studied in detail the gate and drain current local variability
phenomenon in advanced nanoscale devices. In this aspect, we have developed a fully
functional drain current mismatch model, valid for any gate and drain bias condition
including all main sources of drain current local variability, namely the local fluctuations of
the threshold voltage, current gain factor, source-drain series resistance and ideality factor.
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We have validated our mismatch model using a Lambert function based compact model and
performing full gate and drain voltage range Monte Carlo simulations. This way, we have
extracted all mismatch parameters, including o(4V,), a(45/b), 6(4R,,) and o(4n/n). We applied
our model to various advanced technologies proving its proper functionality. Then, we have
characterized in terms of drain current local and global variaibility, 14 nm FDSOI MOSFETs,
14 nm bulk FinFETs and sub 15 nm Si/SiGe Trigate NW p-MOSFETs demonstrating that
despite their very aggressive dimensions, such devices maintain relatively good variability
performance. Additionally, using our model we have investigated the impact of the source-
drain series resistance mismatch on the drain current variability for 28 nm Bulk MOSFETs. In
parallel, a gate current mismatch model accounting for the main sources of variations -namely
the local fluctuations of the threshold voltage and the gate oxide thickness- has been also
presented and verified by Monte Carlo simulations. Finally, we have shown the impact of
MOSFET parameters local fluctuations on 6T SRAM cell, demonstrating an alsmost 52%
SNM reduction for the worst case for a 28 nm FDSOI technology.

V1.2 Future Research Directions

The compact model developed in this dissertation can be further completed in several
ways. Some specific recommendations based on the present work are as follows:

+ On one hand the transistor channel length tends to shrink down more and
more, while on the other hand the channel interactions are expected to
significantly decrease (thanks to the FDSOI structures), and as a
consequence, the carrier mean free path should increase in such structures.
Therefore inclusion of ballistic transport phenomena will strengthen the
accuracy of the model.

«» The accurate transistor’s capacitances prediction is also considered
fundamental. Therefore, the development of capacitance models for these
UTBB FDSOI MOSFETs would allow predict the discrimination between the
channel and the parasitic capacitances, as well as the respective
overlap/spacer or BOX contributions to the total device capacitance.

+«+ Finally, as the transistor area is scaled down, the low frequency noise appears
more Lorentzian-like instead of 1/f shape and it exhibits more device-to-
device variations. The variability in low frequency noise (both flicker noise
and Random Telegraph Noise) is becoming increasingly important for
circuits using scaled CMOS and needs to be included in the compact models.

Regarding the implementation of our reliability models in circuit simulators, serious
challenges need to be addressed. More precisely, advanced methods have to be developed to
take into account the transient parameter shift under time-varying (non-stationary) bias
conditions.

Concerning the gate current variability model, as already stated, the local fluctuations
of the threshold voltage and the gate oxide thickness were already taken into account in our
model. Nevertheless, additional variability sources should be inversigated.

Eventually, apart from the above studies performed within the frame of this thesis,
there are open questions regarding the introduction of new channel materials and devices in
order to to maintain pace with Moore’s law. For example, III-V materials like InAs and
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InGaAs are widely regarded as leading candidates for increased drive current digital
applications. Consequently, the application of the extraction methods or the
reliability/variability models presented in this thesis in such novel devices would be of great
interest.
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Appendices

Appendix A: Drain current compact model in Verilog-A

The following code has been used for the description of the drain current of the
FDSOI n-MOSFET.

/I VerilogA for Theanooo, threshold voltage, veriloga

"constants.vams"

"disciplines.vams"

module nmos_FDSOI(b,d,s,g);

//Definition of constants as variables

real k, q, epsSi, epsOx, ni, Cox_f, Cox_b, Vth, Vbi, Vib f, Vib b, u0, thetal, theta2, lamdaw, Sn,
vsat0, r, Kox, KSi, V_Ei;

//Definition of parameteres in order to be shown in the simulations
parameter real T=300; //temperature (K)
parameter real NA=1.0el5; //acceptor's concentration (cm to minus 3)

parameter real Nd=1.0e20; //doping concentration (cm to minus 3)

// GEOMETRY

parameter real L=30e-7; //channel length (cm)

parameter real W=0.5e-4; //channel width (cm)

parameter real tox=1.55e-7; //front gate oxide thickness (cm)
parameter real tbox=25e-7; //back gate oxide thickness (cm)

parameter real tsi=7e-7; //silicon thickness (cm)

// MODEL PARAMETERS
parameter real Ac=0.2;
parameter real Be=3.1;

parameter real factor=0.04;

parameter real fms_f=0.37; //front gate metal-silicon work function difference (V)

parameter real fms b=0.3; //back gate metal-silicon work function difference (V)

//Definition of variables

real Vgbtonos, xcf, toxeq, tsieq, Coxfeq, lamdaf, lamdafeq, af, afeq, bf, bfeq, ymf, fl, 2, Vtf, Afc,
Afceq, Kf, Kfeq, hl, gfs, qfd, gfstonos, qfdtonos, vsat, ueff f, Vd sat, Leff f, DL, Rth, A0, Al, A2,
1df;
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inoutb, d, s, g;

electrical b, d, s, g;

// MODEL

analog begin

//Constants

k=1.38e-23; //boltzmann's constant (J/K)

g=1.6e-19; //electron charge (C)

epsSi=12*8.85e-14; //electrical permittivity of silicon (F/cm)
epsOx=4*8.85e-14; //electrical permittivity of oxide (F/cm)
ni=1.45e10; //carrier concentration in intrinsic silicon (cm to minus 3)
Cox_f=epsOx/tox; //front gate oxide capacitance (F/cm)
Cox_b=epsOx/tbox; //back gate oxide capacitance (F/cm)
Vth=(k*T)/q; //thermal voltage (V)

Vbi=Vth*In( (NA*Nd)/pow(ni,2) ); //build-in potential (V)

Vib f=fms f- Vth*In( NA/ni); //front gate flatband voltage (V)
Vib b=1fms b - Vth*In( NA/ni ); //back gate flatband voltage (V)

Vgbtonos = V(b,s) - Vib_b;

//definition of conductive path
if (V(b,s)<=0)

xcf= Ac * exp( V(b,s)/Bc ) * tsi;
else

xcf'= (Ac + factor * V(b,s) ) * tsi;

toxeq = tox + (epsOx/epsSi) * xcf; //equivalent thickness for the front gate oxide
tsieq = tsi - (epsOx/epsSi) * xcf; //equivalent thickness for the silicon body

Coxfeq = epsOx/toxeq; //equivalent oxide thickness

//matural length at the conductive path

lamdaf = sqrt ( ( epsSi*tox*tsi*( 2*epsSi*tbox + epsOx*tsi ) + epsOx*tsi*( 2*epsSi*tbox +
epsOx*tsi )*xcf - epsOx*( epsSi*( tox+tbox )+ epsOx*tsi ) * pow(xcf,2) ) / ( 2*epsOx*(
epsSi*(tox+tbox) + epsOx*tsi ) ) );

//lequivalent natural length

lamdafeq = sqrt ( ( epsSi*toxeq*tsieq*( 2*epsSi*tbox + epsOx*tsieq ) + epsOx*tsieq™*(
2*epsSi*tbox + epsOx*tsieq )*xcf - epsOx*( epsSi*( toxeq+tbox )+ epsOx*tsieq ) * pow(xcf,2) ) / (
2*epsOx*( epsSi*(toxeq+tbox) + epsOx*tsieq ) ) );
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//potential distribution
af = (‘epsSi*tbox + epsOx*( tsi-xct ) ) / ( epsSi*( tox+tbox ) + epsOx*tsi );
afeq = ( epsSi*tbox + epsOx*( tsieq-xcf) ) / ( epsSi*( toxeq+tbox ) + epsOx*tsieq );

bf = (‘epsSi*tox + epsOx*xcf) / ( epsSi*( tox+tbox ) + epsOx*tsi );

bfeq = ( epsSi*toxeq + epsOx*xcf) / ( epsSi*( toxeq+tbox ) + epsOx*tsieq );

//minimum potential position

ymf = (L/2) - ( (lamdaf/2) * In( ( ( (Vbi - (bf*Vgbtonos)) * (exp(L/lamdaf) - 1) ) + (V(d,s) *
exp(L/lamdaf)) ) / ( (Vbi - (bf*Vgbtonos)) * (exp(L/lamdaf) - 1) - V(d,s)) ) );

//potential at the conductive path f=f1+(f2*V gtonos)

fl = ( (( exp(((2*L)-ymf)/lamdaf) - exp(ymf/lamdaf) ) * Vbi) + ( ( (exp((L+ymf)/lamdaf)) -
(exp((L-ymf)/lamdaf)) ) * (Vbi+V(d,s)) ) + ( ( exp((L-ymf)/lamdaf)-exp(-ymf/lamdaf) ) * (
exp(L/lamdaf) - exp(ymf/lamdaf) ) * ( exp(ymf/lamdaf) - 1 ) * Vgbtonos * bf ) ) / (
(exp((2*L)/lamdaf)) - 1 );

2 =af * ( ( ( 1- exp(-ymf/lamdaf) ) * ( (exp(L/lamdaf)) - (exp(ymf/lamdaf)) ) ) /
(1+exp(L/lamdaf)) );

//THRESHOLD VOLTAGE
Vif= Vib_f+ ( (Vth/f2) * In( (NA/ni) * (1/(exp(f1/Vth))) ) );

/

Afc = (af*Vtf) + (bf*Vgbtonos);
Afceq = (afeq*Vtf) + (bfeq*Vgbtonos);

Kf = sqrt (((Vbi-Afc)*((exp(L/lamdaf))-1) - V(d,s)) / ((Vbi-Afc)*((exp(L/lamdaf))-1) +
(V(d,s)*(exp(L/lamdaf)))));

Kfeq = sqrt (((Vbi-Afceq)*((exp(L/lamdafeq))-1) - V(d,s)) / ((Vbi-
Afceq)*((exp(L/lamdafeq))-1) + (V(d,s)*(exp(L/lamdafeq)))));

/IDEALITY FACTOR

h1=1/(afeq*(1-Kfeq*(2*Vbi-2*Afceq+V(d,s))*exp(L/(2*lamdafeq))*(exp(L/lamdafeq)-
1)/((exp(L/lamdafeq)+1)*((Vbi-Afceq)*(exp(L/lamdafeq)-1)-V(d,s)) ) ));

//ICONSTANTS
u0=93.5;
thetal=0.4;
theta2=0.55;
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Vth*qfs;

lamdaw=1e-5;

Sn=1.0;

vsat0=2.06e7;

r=0.5;

Kox=1.4;

KSi=63.0;

V_Ei=0.5;

//[SHEET CHARGE CALCULATION
qfs=h1*Sn*In(1+exp((V(g,s)-Vtf-2.5*Vth-h1*0)/(h1*Vth*Sn)));
qfstonos=h1*Sn*In(1+exp((V(g,s)-Vtf-5.0¥Vth-h1*0)/(h1*Vth*Sn)));
qfd=h1*Sn*In(1+exp((V(g,s)-Vtf-2.5*Vth-h1*V(d,s))/(h1*Vth*Sn)));

gfdtonos=h1*Sn*In(1+exp((V(g,s)-Vtf-5.0*Vth-h1*V(d,s))/(h1*Vth*Sn)));

//DRAIN CURRENT CALCULATIONS

vsat=vsat0*(1+2*lamdaw/L);

ueff f=u0/(1+thetal *Vth*qfs+theta2*pow(Vth,2)*pow(qfs,2));

Vd_sat=sqrt(pow((vsat*L/ueff f),2)+2*Vth*qfs*vsat*L/ueff f)-vsat*L/ueff f+Vth*qfs/hl-

DL=lamdafeq*In(1+((V(d,s)-Vd_sat+0.05)*tanh(pow((V(d,s)/Vd_sat),3)))/V_Ei);

Leff f=L-DL;

Rth=sqrt(tbox/(tsi*Kox*KSi))/(2.0¥W*1e-2);

AO0=(WH*ueff f*Cox_f*pow(Vth,2)*(qfs-qfd+(pow(qfstonos,2)-

pow(qfdtonos,2))/(2.0*h1)))/Leff f;

end

Al=r*Rth*V(d,s)/T;

A2=1+(Vth*ueff f*(qfstonos-qfdtonos))/(Leff f*vsat);

I(d,s) <t (-A2+sqrt(pow(A2,2)+4*A1*A0))/(2*Al);

endmodule
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Appendix C: List of Abbreviations

2D

3D

6T

AC

B

BOX

BTI

CLM

CMOS

CNF/CMF

C-v

D

DD

DG

DIBL

EDA

FDSOI

FET

FFT

FinFET

G

GAA

G-R

HC

Two Dimensional
Three Dimentional
6 Transistor
Alternating Current
Substrate
Buried Oxide
Bias Temperature Instability
Channel Length Modulation

Complementary Metal-Oxide—
Semiconductor

Carrier Number Fluctuations with
Correlated Mobility Fluctuations

Capacitance-Voltage
Drain
Drift Diffusion
Double Gate
Drain-Induced Barrier Lowering
Electronic Design Automation

Fully Depleted Silicon-On-
Insulator

Field Effect Transistor
Fast Fourier Transform
Fin-Shaped Field Effect Transistor
Gate
Gate-All-Around
Generation-Recombination

Hot Carrier
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HCI
HDL
IC

ITRS

I-v
LFN
LW

MOS

NBTI

NM
NMP
NW
MC

PBTI

PSD
QMEs
RTN

RTS

SCEs
SD
SGOI
SH
Si
SiGe

SNM

Hot Carrier Injection
Hardware Description Language
Integrated Circuit

International Technology Roadmap
for Semiconductors

Current-Voltage
Low-Frequency Noise
Lambert W
Metal-Oxide-Semiconductor

Negative Bias Temperature
Instability

Noise Margin
Non-Radiative Multiphonon
Nanowire
Monte Carlo

Positive Bias Temperature
Instability

Power Spectral Density
Quantum-Mechanical Effects
Random Telegraph Noise
Random Telegraph Signal
Source
Short-Channel Effects
Source-Drain
Silicon Germanium-On-Insulator
Self-Heating
Silicon
Silicon Germanium

Static Noise Margin
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SOl

SPICE

SRAM

STI

TCAD

UTBB

VLSI

VO

VTIC

Silicon-On-Insulator

Simulation Program with Integrated
Circuit Emphasis

Static Random Access Memory
Shallow Trench Isolation

Technology Computer Aided
Design

Ultra-Thin Body and Buried-
oxide

Very-Large-Scale Integration
Velocity Overshoot

Voltage Transfer Curves
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Appendix D: Greek Abstract
Tithoc Avutpifc

«HAextpkdc Xapaktnpiopog kot avantoén povrédov tponyuévev MOSFET vavokAipakag
VIEPAETTOL VUEVIOV KO ELPVTEVIEVOL 0EEIBIOV KO EPUPLOYT GE TPOGOUOIMOT
KUKA®UATOVY

Iepiinwn

H mpoodevtikn xhpdkmon g teyvoroyicg CMOS odnynoe ™ Propumyovia
NUOYOYOV GTNV  TPAYUOTOTOINGT TOYOTEPOV KOl YOUNAOTEPNG KATOVAAMONSG 16YVOG
KoK Aopdtov Kot cvotnudtov VLSI. Meta&d tov o cvvnbicuévov Acemv yio datdéelg
vavo-kAipokoag vyning anddoong eivar ta tpoviictop emidpacng mediov tpidv muidv (Fin-
shaped Field Effect Transistors - FInFET) ko8¢ kot dtataéeig MOSFET 600 muAdv TAnpovg
kévoong moptiov-tave oe-povert (Fully Depleted Silicon-On-Insulator — FDSOI
MOSFET), 1a omoila mapovstdlovv moAD KoAEG eMOOGES OGOV APOPH QUVOUEVE LUKPOV
unikovg kovoalod (Short-Channel Effects - SCEs) kot oyetikd pe 1o @ovopevo peiowong tov
QPAYLOTOG OLVOUIKOD TNG EMOPNG TNYNS-OOAOL 7OV TPOKOAgiTal AdGY® 1TNG TAGNG
anoywyoV-mnyng (Drain-Induced Barrier Lowering - DIBL). BéBawa oe oVykpion pe v
teyvoroyia twv FinFET, avt) tov FDSOI ypnowonotel pio mo amiodotepn dadikocio
TOPOCKELNG X ApT oTNV emimedn dourn Ttove. EmmAéov, n duvatdtnto TOAmonNg TS Tow TOANG
mv kof1oTd 101oitepo  eVONPEPOVCO KOl YPNCIUN VIO EQUPUOYES TOAAUTADV-TACEDV
kat@EAiov (multi-Vy).

H mapovoa d1daxtopikn datpipn Btel og otdY0 TV avtipetdmion {ntnudtov mov
TPOKVTTOVY OO TNV EAATTMOON OTIC SLOCTAGELS TOV SOTAEEMY TEAEVTOING TEYVOAOYING GTOV
ovyypovo oyedwuopd MOSFET, dniadn v ovAamtuén evoc avoAvTikoy Kot GUUITOYOUS
HOVTELOL PEVUOTOC OToy®yoD, mov Oa 1oybel o€ Olec TIC TEPloyég Aertovpyiog TOL
tpaviiotop, amd TV acbevi DS TV 1oYLPN AVAGTPOPT Kol Tov Oa TEPLYPAQEL Le akpifela
TS XOPOUKTNPLOTIKEG €16000V Ko €£0d0v TV dtatemv vavo-kiipakag FDSOI xot v
depevvnon {nmudtov emddcewv -oniadn aflomotiog (reliability) kot petapAntotnTog
(variability)- avtov Tov mponyuéveov STAEEDV VOVOKAMUOKOS. XTO HETaEy, O akpipng
TPoGOoPIoUOC TV NAekTpik®dV Tapapétpmv v MOSFET etvon erniong anapaitntog yio v
KaTOVONGoT TNS QLGIKNG KoL TOV GYXESOoUOD TV datdéemy, Wiaitepa edv AaPfovue vIoyn
OTL KBS N TdoMN TPOPOS0Giag LEIDVETOL LE TNV EALATMOT] TOV SUCTAGEDY TOV TPAViIGTOp,
N téomn Asrtovpyiag tng TOANG petatoniletar TANGIEGTEPA GTNV TAON KOT@PAioL (Aettovpyia
KOVTa otV Tdomn KaTmeAiov) Kot 1 vwdheon OTL TO EOPTIO AVACTPOPNG TOIKIAAEL TEPITOL
ypoppikd pe v evepyd tdon moAng (V,, = Vi - V) xabictatoar 6Ao kar Arydtepo axpiPrg.
'Eto1, évag emmAéov otdyog gival | avamtuén wog pebodoroyiag mov emtpénel v eEaymyn
tov topapétpov twv MOSFET cg oAoxAnpn tnv mepoyn tdong tng moAng onAadn and tnv
neployn acbevolc emg TNV TEPLOYN LOYLPNG AVOGTPOPNG, EMITPETOVTOG TNV TANPN KAALYM
™G mEPOYNG KAT® Kol v omd TNV TAon Kat®eAMov, mopd T peiwon TG TAONMG
TPOPOSOGING.

Apykd, mapovoidlovpe por véo pebodoroyia Yoo v e&oyoyn TV MAEKTPIKOV
napapétpov dutaEemv vavokAipokag FDSOI MOSFET mov woybet 6e 6A0 10 €0pog TNg

Taong moAng ko Paciletar otnv ovvaptnon Lambert W. Mg ypfon tov UHETpHcEDV
yopnTikdmTag enifeformdvetan 6T 1 cuvdptnon Lambert W umopei va meptypdyetl moAd KaAd
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TO (POPTIO AVACTPOPNC GOV CLVAPTNON TNG TACNC TNG TOANG Yo ovTd T TpoviicTop. Me
Baon v e&icmon ToL PEVUATOG AMAYWOYOD GTNV YPOLUUIKT TEPLOYN] OV TEPAAUPAVEL TO
(QOPTIO OVAGTPOPNG TOV TTEPLYPAPETAL Ao TN cvuvdptnon Lambert g tdong mOANG Kot TV
tomiky e€lomon evkvnolog emtvyydvetor 1 eEaymyn TV TEVTE PACIKOV MAEKTPIKOV
mopopéTpov (tdorn Kotoeiiov - V;, cuvieheotig KAlong vrokatm@Aiov -ideality factor - #,
evkivnoio yapuniot mediov - wy, cvvtereotég efacBévnong g evkwnoiog TPAOTNG Kot
devtepng Taéng - 0; ko 6;) tov MOSFET amd Ti¢ TEPAUOTIKEG YOPOUKTNPIOTIKEG EIGOO0V.
2V GUVEXELD, Ol TOPAUETPOL TTOVL e&NyONoay GUYKPIVOVTOL UE TIG OVTIOTOLYES TOPAUETPOVE
omwg avtéc eEdyovian pe v yvooty péBodo Y-Function otmv meployn S 103vPNS
avaotpoenc. H moapodoo pebodoroyio yio v e€aymyn TV NAEKTPIKOV TOPOUETPOV TOV
MOSFET éye1 erainbevtel og £va evpld oAGHA UNKOV KOVIALOD KaBDG Kol TACEMY TNG TIo®
TOANG o€ dataelg vavo-kiipokag FDSOIL, amodeikvooviag £Tol Ty amiotnta, TV axpifeia
Kot TNV avOEKTIKOTNTA TNC.

‘Emeita, avantdccovpe omAég eKQPAGELS Yo TNV EAGYIOTN T TOV KATOVOU®DV TOL
SUVOIKOD KOTG UAKOG TOV KOVOALOD TNG UIPOoTA Kol Ticw mwOANg pe v Ponbeia tov
omol®V AVOTTOGGOVUE OVOALTIKO LOVTEAQ YO TIC TACELS KOTMOOAIOL KOl TOUG GUVTEAECTEG
WovkOTNTOG TG UMPOCTA Kot Tio® TOANG ywo ta Ttpoviictop YOUNANG CLYKEVIPMGONG
npocuitemv vréphentov vueviov kol gueutevuévov o&ediov (Ultra Thin Body and Box -
UTBB) FDSOI MOSFETs. Ta povtéha avtd éxovv emoinbevtel 1060 pe aplfuntikég
TPOCOUOINCEL, - OTO TANICLO TOV YEOUETPIKOV TOPOUETPOV TOV OlTAEE®V KOl TMV
epappolopevov Tdoewv TOAMONG - 0G0 KOl LE TEWPUUATIKA OTOTEAECUATA Y10 SIOTAEELS LIE
pfikog kavolov émog 17 nm. Me Pdon to poviéla TovV TECE®V KATOEAIOL Kol TMV
GUVTEAEGTAOV 1OOVIKOTNTOG OVUTTOGGOVUE EVOL OVAAVTIKO KOl CUUTOYEC LOVTELOD Y10 TO PEVULL
TOV Omoy®yolh Yo To youmAng ovykévipwong mpoouitewv UTBB FDSOI MOSFETs pe
éleyyo g mwiow mTOANG, pe Pdomn To omoio pmopel Kot mepLypdeetar uovo pe pio eicmon
PEVUOTOG 1] CLUTEPLPOPA TOL TPaviicTop G€ OAES TIG TEPLOYEG Aettovpyiog Tov. To povtéro
PEVUOTOG -TO OOl TEPIAAUPAVEL TO PAIVOUEVO HEIMONG TOL QPPAYUOTOS OLVOMIKOD TNG
EMOPNC TNYNS-OLoA0V AOY® TG TaoNC omaymyov-tnyng (DIBL), o @awvduevo dtopudppmong
punkovg tov KovaAlov (Channel-Length Modulation - CLM), to @awvopeve vroféduong g
EVKIVNGLOC KOl TOV KOPEGIOV TNG TOYOTNTOG TOV NAEKTPOVI®V, T0 KPavTIKA @avoueva Kadmg
Kot Ta eoavouevo avtobépuavong (self-heating) kot avénong g taydmroag képov (velocity
overshoot)- emPefoidbnke cvykpivoviag Le TEPOUOTIKE OTOTEAEGUOTO YOPUKTPLOTIKMV
€160000V Kot €650V Yo TpaviioTtop pe unikn koavaiov 30 kat 240 nm kot pe TOA®oN TG Tow
TOANG mov Kvpaiveran amd -3 g +3 V. O mapdpetpotl evkivnoiog (uy, 9; kot 0;) kabdg kot
Ol TOPANETPOL TG TAONG KATOWPAIOL (A, B. kar Apy) eEfydncav omd ta meipapatikd dedopévo
EVD GTO HOVTELO YPNOLUOTOIOVVTOL UOVOV TPELS TOPAUETPOL TTpocaproyng (Vg, » kot 4,). H
koA okpifewr tov povtéhov To KobwoTd KoTAAANAO Yoo €QOppOyn o  epyolein
npocopoinong kukAodpoatoc. [Ipdyuott, T0 ovaALTIKO HOVTELO PEDUOTOC  OmIOy®@YoD
vAomoteitar péow kmdwko Verilog-A yio mpocopoimon OepeMmddv KuKAOUATOV GTO
Cadence Spectre.

Metd v avdmtuén Tov avaAVTIKOD GULUTAYOUG LOVTEAODL PELLOTOS Omay®yov,
peAetovior {ntiuoata aélomiotiog yuoo avtd ta tpaviictop SOI vavorkAipokag vréplenton
VUEVIOL KOl EUEVTELUEVOL 0EEDi0V, GVLUTEPIAAUPAVOUEVOD TNG MAEKTPIKNG KOTATOVIONG
Moyw Bepudv popéwv (Hot Carrier Injection stress - HCI) ko1 vmd cuvOnieg apvntiknig
noAwoNg g TOANG o vynmAn Bepuokpacio (Negative Bias Temperature Instability - NBTI).
To @awvouevo twv Oepumv Popémv TaPUTNPEITAL KOVIQ GTO GKPO TOL amoywyoy e&uttiog
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Oepudv QEOPEMV EMTAYVVOUEVOV GTO KOVAM Kol kvuplapyel oe dwtdéelg n-MOS |, evd
avtifeta, o awvopevo NBTI kvprapyel og datdéelg p-MOS katd pnKog oAGKANPoL TOL
KOVOALOV OTaV apUoleTal apyvnTikn Taon TOANG-TNYNS:

v Katd 10 @owodpevo tng miektpikng katomovnong HCI ta tpaviiotop
KOTOTOVOUVTOL €Qapuolovtag tdon “katomdvnong’ oto MAEKTPOSIo NG
TOANG KOl TOV omay@yol. Zopeovae pe v Pifioypagia yuo o tpaviictop
VOVO-KMUOKOG 1 XEWPOTEPN TTEpinTon eppaviletar 0Tav EPUpPUOGOLLE i0eg
TAGEIS OTNV TOAN KOl OTOV Oomay®myd. XTnV avaAvon oG, Ol Tayideg Tov
npokoiovvtal and Beppovg eopeic (Hot Carriers - HC) depevvovton pe
petpnoelg Bopvfov youniov cvyvotntov (Low Frquency Noise - LEN) t660
610 medio TG ovYVOTNTAS 060 Kol 6TO mMedio Tov ypdvov. Ta perpodueva
eaopato Bopdpov amoterovviol amd cvvict®oeg Tomov 1/f (flicker noise)
ka0d¢ ko Lorentzian. O Lorentzian 06pvfoc umopei va opeileton gite oe
BopvPo yéveonc-emavachvdeong (generation-recombination - g-r) gite og
0opvPo Tuyaiov tAeypapkod onuatog (Random Telegraph Signal - RTS).
Bdoel tov amotelecpdtov TV HETPNOEMVY OAUNANG CLYVOTNTOG, 1| EMIOPAON
™G NAEKTPIKNG Katamovnong Adym Bepuadv popéwv oe FDSOI MOSFETSs
dlepeuvaTaL Yo 000 TEPUTTMGELS: KATM OO GUVONKEG GVVTOUNG KoL HUEYOANG
dupketag Katamodvnons. H avéivon tov RTS nayidwv mov aviyvévovior 6to
«ppéokon tpaviiotop (NAad ce avTd TOL dev €XEL VTOOTEL MAEKPIKN
KOTOTOVNON) VTOJEWKVVEL 0TL TO TAGTOG Tov RTS Bophfov dev oyetiCetan pe
T1G otafepEc ¥pdvov NG Tayidag, dnAadn N emidpacn tov Babovg g Tayidog
amo v demoen (interface) kodvmtetal amd ekeivn g 0éong g moryidag
mhvo ond to Kavii. To obvolo TV omoteAecudtwv odnyel oe pio
avoALTIKn €kepact Yoo T0 mAdtog tov RTS Bopvfov, emitpémovtag v
poPreym tov petafordv Tov RTS Bopvfov amd v meproyr| KaT® amd v
TAoN KATOEAIOL PEYPL KOL OTNV TEPLOYN TAVEO OTO TNV TACGT KOTOEAIOL.
AoV eVTOTICOUE TOVC UNYOVICUOVG LITOPAOIIONG Kol XPTCLULOTOIDVTAS TO
OVOALTIKO HOVTEAO PEVLUOTOC OMOYMYOV, OVATTOGCOVUE £VO TLU-EUTELPIKO
HovtéLo Tov TpoPAEmel ue Ko axpifelo tnv vroPaduon tov dutdéewmv
IOV VTTOKEVTOL GE GLVOTKEG NAEKTPIKNG KATOTOVIONG AOY® Oepuddv popimv
KAT® amd SPOPETIKEG CLUVONKEG KATATOVNONG KOl YPTOLULOTOIDVTAS £Vl
LOVadIKO cHVOLO TAPOUETP®V.

v" Ocov apopd 10 povdpevo tov NBTI, o1 petotdmoeig g tdong Katmeliov
KOTO TN OGPKELN TG NAEKTPIKNG KATOTOVNONG GE OLOQOPETIKEG GLVONKES
Oeppokpaciog Kot tdong moOAwong deiyvouv 6t 10 NBTI xvplapyeitor omd
TNV TYi0EVOT| OV € TPOHMAPYOVGEG TTAYIOES TOV SINAEKTPIKOV TNG TOANG,
eved 1 Oepyosio g emovagopds (recovery) axoAovOel por AoyaptOuikn
xpoviky]  €&dptmon.  A&moldviag TG  TEPOUOTIKEG — TOPOTNPNOELS
avantoocovue éva povtédo NBTI mov mpoPiénet nv e&dptnon 160 and v
Oepuokpacio 660 kot amd TNV TOAW®OTN TG TOANG Yo OVTEG TIC O1UTAEELC
UTBB FDSOI p-MOSFETSs pe pndevikn moAmomn tng micm TOANG Kot PIKpN
Téo™M TOAMGNG TOL ATAYYOV.

Téhog, 10 teAevtaio MEPOG TNG EPELVNTIKNAG MOG EPYOCIOG TOL KOAOTTEL €val
ONUOVTIKO HEPOG TNG OLVOMKNG €PYOCING, OCYOAEITOL ME TO QOIVOUEVO TNG TOMIKNG
petafintoémrag (local variability) oe mponyuéveg drataelg vavo-kAipakag. Ot kOpieg mnyég
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OV TPOKOAOVV TO QUIVOUEVO TNG TOTIKNG UETAPANTOTNTOC TOV PEVUATOV TOL OTAY®YOD KOl
g mOANG pedetmvrol Oe&odikd. ‘Etor Aowmdv, ovamtdccoovpe €vo TANPOLS Aettovpyiog
LOVTELO TTOL TEPLYPAPEL TO POLVOLEVO TMOV TOTIKMV HETAPOAMY TOV PEVUATOS OTAY®YOV, TO
omoio 1GYVEL Y10 OTOLONTOTE KATAGTOOT] TOAMGNS TNG TOANG KO TOL amay®wyov. To poviého
ovtd cvpmeptlouPavel Oleg TIc KOPlEG ANYEC TOMKNG UETAPANTOTNTAG TOL PEVHOTOC
anoywyold -y Tig omoieg Bempolue OTL dgv vmépyel KAmowog HeTald TOVG GLGYETIOUOC-
OMAodN TIC TOMIKEG OLOKLUAVOELS TNG TAOTNG KOTOEAIOV, TOV GUVTEAESTN KEPOOLE, TNG
avTioTOoNG GEPAg amoy@yov-mnyng Kabmg kol Tov cvvieleotn Wavikdmrag. Ocov apopd
OTNV HOVIEAOTOINGN TNG TOMKNG HETAPANTOTNTOG TNG TOANG, AaUPdvovTal VITOYTN Ol TOTIKES
SOKVUAVGELS TNG TACTC KATOPAIOD KO TOV TéYovg ToL 0EEWdiov g TOANG. Ta Tpotevoueva
LOVTELD TTOV TTEPLYPAPOLY TIS TOTIKEG UETAPANTOTNTES TOV PEVUATOV TOV ATOYOYOV KOl TNG
TOANG  emoAnOgbovTol YPNOUOTOIOVTAG £V cupmayés Hoviého mov Poaciletar otnv
ouvaptnorn Lambert kot ekteddvtag mpocopowwoel; Monte Carlo mov avomapdyovv pe
akpifela TiIc mepapatikd petpnuéves UeTaPorEg peduaTog. XN ouvExEw, YAplS oTa
TPOTEWOUEVA LOVTELD TOTIKAV UETAPANTOTNTOV, YopakTnpilovpue SUQopeg TPONYUEVES
TeYVOLOYieG amd TNV dmoym ¢ omddoong tovg o tomikés (local) ko kKaboiwkég (global)
petafintomreg. Hpdaypatt, die&dyetar AenTopepg GTATIOTIKOG UPAUKTNPICUOS TOV TOTIKOV
Kol KOOOMK®OV SloKLUAVeE®Y TOV peduaTog onaymyold ot tpalictop mupitiov (Si) FiInFET
teyvoloyiog 14 nm kot og Satdéelg TpmAng mOANG mupttiov/mupttiov-yepuaviov (Si/SiGe)
vavoovpudtov p-MOSFETSs teyvoloyiag kdto amd 15 nm. [M'a 10 oxomd avtd, eEdyovpe Tig
TOPOUETPOVS TNG TOTIKNG LETAPANTOTNTOG, O OT0lES deiyvouy OTL, Tapd TG ENPETIKA LKPES
TOVG JGTACELS, Ol SLOTAEELS AVTES TaPOVGIALOVY GYETIKG KOATY anddOcT 6GOV APopd GTNV
TOmKN OAAG kol TNV KoBoAkn petafAntotnto. Emumiéov, diepevvovpe v emintmon tov
TOTIK®V OLOKLUAVOE®MY TNG OVTIIOTAONG GEPAS TNYNG-OMAY®YOD OTNV GULVOAIKYT TOTIKY|
petafAintdémra tov pevpotoc anaymyod o€ dwutaéelg MOSFETS peydlov mdyovg kovaiion
teyvoroyiog 28 nm. Téhog, de&dyovpe pio TANPN SlePELVNON TOV TOMIKAOV HETOPANTOTHTOV
TOV PELHATOV TOANG Kot omaywmyod oe mponyuéveg datdéelg UTBB FDSOI MOSFETs
teyvoroyiog 14 nm. £to onpeio avtd a&ilel va TOVIGOLUE TOC 0T TO GLUTAYT LOVTELQ, TTOL
TEPLYPAPOVV TIG TOMIKEG UETOPANTOTNTEG T®V PELUATOV TNG TOANG KOl TOV OTOLY®YOL Kot
epappolovral 1060 6€ PeEYAAoL mlyovg Kavailod 6co kal oe FDSOI teyvoloyieg, umopovv
ge0koAo v vAomoinbovv oe gpyaAeio. TPOCOUOIONG KLUKADUOT®OV Yo oYeSoUO
KukAopotov. 'Etol Aondv, o€ o TpdTn €papLoyn, YPNOUYLOTOIOVUE TO AVOAVTIKO, CUUTOYES
HOVTELO TOV PEVUATOS OTAY®YOL TOL VLAOwmowmOnke Mo oe kmowko Verilog-A yuo va
eetdoovpe TV EMOPOOT TNG UETAPANTOTNTOS TOL PEVUOTOS PEVUAYMOYOL G€ Ogpelidon
kukAopota oto Cadence Spectre.
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Appendix E: French Abstract

Titre de la Theése

«Caractérisation et modélisation de UTBB MOSFET sur SOI pour les technologies CMOS
avancées et applications en simulations circuits»

Résumé

La mise a I'échelle progressive de la technologie CMOS a conduit l'industrie des
semi-conducteurs a la réalisation de circuits et de systémes VLSI plus rapides et de faible
consommation d’énergie. Parmi les solutions les plus courantes pour les dispositifs a 1’échelle
nanométrique de haute performance se trouvent les transistors a effet de champ a ailettes
(FinFET) et les MOSFETs a silicium sur isolant totalement désertées (FDSOI), qui présentent
une immunité treés élevée aux effets des canaux courts (SCE), une faible variabilité de la
tension de seuil et un niveau amélioré de I’abaissement de la barriére induite par le drain
(DIBL). Par rapport au FinFET, la technologie UTBB FDSOI utilise un processus de
fabrication beaucoup plus simple grace a sa structure plane. En outre, son option de
polarisation arriére est particuliérement intéressante pour les applications multi-V,.

Cette these traite des problémes soulevés par la mise a 1'échelle des dispositifs de la
nouvelle ére dans la conception de MOSFET contemporain : le développement d'un modele
de courant de drain analytique et compact, valable dans toutes les régions d'opération,
décrivant précisément les caractéristiques de transfert (/,-V;) et de sortie (I,-V,) des dispositifs
FDSOI a canaux courts et I'étude des problémes de fiabilité et de variabilité de ces transistors
a 'échelle nanométrique. De plus, la détermination précise des paramétres électriques des
MOSFETs est également essentielle pour la compréhension de la physique et 1'ingénierie des
dispositifs, et particuliecrement si 1’on tient compte du fait que lorsque la tension
d'alimentation est réduite avec la mise a I'échelle des dispositifs, la polarisation de
fonctionnement de la grille se rapproche de la tension de seuil (fonctionnement proche du
seuil) et I’hypothése selon laquelle la charge d’inversion varie approximativement
linéairement avec 1’overdrive de la tension de grille devient de moins en moins précise. Ainsi,
un objectif supplémentaire est le développement d'une méthodologie qui permet I'extraction
des parametres des MOSFETs sur la gamme de tension de grille complete permettant de
décrire la transition entre les regions en dessous et au dessus du seuil, malgré la réduction de
la tension d'alimentation.

Tout d’abord, on présente une nouvelle méthodologie sur la gamme de tension de
grille compléte en utilisant un modele de charge d'inversion basé sur la fonction de Lambert
W, pour extraire les parametres électriques des dispositifs FDSOI MOSFET a l'¢chelle
nanométrique. Les mesures de la capacité-tension par la technique Split-CV, effectuées sur
les dispositifs FDSOI de technologie de 14 nm, montrent que la variation de charge
d'inversion avec la tension de grille peut étre bien décrite par la fonction de Lambert W
(Figure 1).
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Figure 1: Caractéristiques Q;(V,) expérimentales (lignes solides) et modélisées (lignes pointillées)
des MOSFET FDSOI a canal de type n (a) et p (b) avec largeur de canal W = 10 pm et longueur
de canal L =3 pm. Les résultats modélisés ont été obtenus en utilisant les parameétres: C,, =
2,6x10°F/cm’,n=1,37 et V,=0,30 V pour les dispositifs n-MOS (a) et C,, = 1,44x10° F / cm?, n
=1,53 et V;=0,34 V pour les dispositifs p-MOS (b).

Basé sur 1'¢quation du courant de drain dans la région linéaire, comprend qui la charge
d'inversion décrite par la fonction de Lambert de la tension de grille et I'équation standard de
la mobilité, I'extraction de cinq parameétres électriques des MOSFETSs est accomplie par les
caractéristiques expérimentales de transfert (facteur d'idéalité, tension de seuil, mobilité¢ de
champ faible, facteurs d'atténuation de la mobilit¢ de premiere et deuxiéme ordre). Les
parameétres extraits ont été comparés a ceux extraits par la fonction Y bien connue dans la
région d'inversion forte. Cette nouvelle méthodologie pour l'extraction des paramétres
¢lectriques des MOSFETs a été vérifiée sur une large gamme de longueurs de canaux (Figure
2) et des tensions de grille arriere sur des dispositifs FDSOI a nano-échelle, démontrant sa

simplicité, sa précision et sa robustesse.
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Figure 2: Caractéristiques 14(V,) expérimentales (lignes solides) et modélisées (lignes pointillées)
a Vy=30mV des dispositifs FD-SOI n-MOS (a, b) et p-MOS (¢, d) en linéaire (a, c) et a échelle
logarithmique (b, d) avec des longueurs de grille L allant de 18 nm & 3 pm et largeur de canal W
=10 pm fixée.

Deuxiémement, on a dérivé des expressions simples pour la valeur minimale des
potentiels de surface de la grille avant et arriére avec lesquels on a développé des modeles
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analytiques pour les tensions de seuil respectives et les facteurs d'idéalité¢ avec le controle de
la grille arriere des MOSFETs UTBB FDSOI a canaux courts Iégérement dopés. Les modéles
de tension de seuil et de facteur d'idéalité des grilles avant et arriere ont été vérifiés avec des
simulations numériques en termes de parametres de géométrie des dispositifs et de tensions de
polarisation appliquées, ainsi qu'avec des résultats expérimentaux pour des dispositifs avec
une longueur de canal de 17 nm. Basé sur ces modeles nous avons développé un modele de
courant de drain compact et analytique pour les MOSFETs UTBB FDSOI a I'échelle
nanométrique, légérement dopés avec contrdle de la grille arriere. Le modéle, qui comprend
les effets de 1’abaissement de la barriére induite par le drain (DIBL), la modulation de la
longueur du canal (CLM), la vitesse de saturation, la dégradation de la mobilité, le
confinement quantique, le dépassement de vitesse de saturation (velocity overshoot) et 1'auto-
échauffement (self-heating), a été validé en comparant les caractéristiques expérimentales de
transfert (Figure 3) et de sortie (Figure 4) de divers dispositifs et diverses conditions de
polarisation de la grille arriére. La bonne précision du modele le rend adapté a la mise en
ceuvre dans les outils de simulation de circuits. En effet, le modéle compact de courant de
drain est implémenté en Verilog-A pour la simulation de circuits fondamentaux dans les
simulateurs de circuit.
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Figure 3: Caractéristiques de transfert expérimentales (symboles) et modélisées (lignes solides)
des UTBB FDSOI MOSFETSs avec W = 0,5 pm, L = 0,03 pm, t5; = 7 nm et t,, = 1,55 nm, mesurées
a la tension de drain 0,1 (a) et 1 V (b) et aux tensions différentes de la grille arriére V,, = V).
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Figure 4: Caractéristiques de sortie expérimentales (symboles) et modélisées (lignes solides) des
UTBB FDSOI MOSFETs avec W = 0,5 pm, L = 0,03 pm, t5; = 7 nm et t,, = 1,55 nm, mesurées aux
tensions de la grille arriére V,, =V, =+3 (a) et -3 V (b).

Suite au développement du modéle compact du courant de drain, les problemes de
fiabilité, y compris l'injection de porteurs chauds (HCI) et l'instabilité de la température de
polarisation négative (NBTI), sont discutés pour ces MOSFETs UTBB FDSOI a I'échelle
nanométrique. L’effet des porteurs chauds, qui se produit prés de l'extrémité de drain a cause
des porteurs énergétiques accélérés dans le canal, est notable dans les dispositifs n-MOS,
tandis que le NBTI est notable dans les dispositifs p-MOS le long de I'ensemble du canal
quand une tension de la grille a la source negative est apliquée.
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v' Dans notre analyse, les piéges induits par les porteurs chauds (HC) sont
¢tudiés par des mesures de bruit a basses fréquences (LFN) dans les
domaines de la fréquence et du temps. Les spectres du bruit mesurés sont
composés de bruit 1/f et de type Lorentzien. Le bruit de type Lorentzien vient
soit du bruit de génération-recombinaison (G-R), soit du bruit télégraphique
aléatoire (RTN). Basé sur les résultats de LFN, I’effet du stress a cause des
porteurs chauds est étudié aprés un stress court et long. L’analyse des piéges
de RTN détectés dans les dispositifs frais et dégradés a cause des porteurs
chauds indique que I'amplitude de RTN n'est pas corrélée aux constantes de
temps de piégeage, c'est-a-dire que l'impact de la profondeur du piege de
l'interface est masqué par celui de I'emplacement du piege dans le canal. La
totalité des résultats conduisent a une expression analytique pour I’amplitude
de RTN, permettant de prédire les changements de RTN de la région sous le
seuil a la région au dessus du seuil. Apres avoir identifié les mécanismes de
dégradation et basé sur notre modéle de courant de drain compact et
analytique, on a développé un modele de vieillissement HC semi-empirique
permettant de prédire la dégradation du dispositif stressé dans différentes
conditions de polarisation, en utilisant de paramétres uniques déterminés pour
chaque technologie extraits par des mesures (Figure 5).

- (@ 10°Fy o 6v
2 10} V,=0.6V = o O
T8 T510°
= 10° o
S =V __=15V| £ 107 7
S -8 deess " astess g ' Vds(ress=vgs(ress=1 8V
31 v E0s 3 10° o t=0s
£ & 1=100s < o t=100s
£10 © t=1000s S10" 4 t=1000s
°  =5000s ; v t=5000s
10— : : : 10 F— : : :
00 03 06 09 12 00 03 06 09 1.2
Gate Voltage, Vgs(V) Gate Voltage, VgS(V)
10° 10°

-
o
&

V=2V, V=15V
t=0s

Drain Current, I, (A)
S

Drain Current, 1, (A)
<)

. o t=100s 9 o
10° & t=1000s 10 .
" ‘ ‘ v | t=500F)s =y i ‘ v t=SOOQs
00 03 06 09 12 00 03 06 09 12
Gate Voltage, V (V) Gate Voltage, V (V)

Figure 5: Caractéristiques de transfert expérimentales (symboles) et modélisées (lignes) mesurées
aVy=0,6 Vdes MOSFETs FDSOI avec W = 0,5 pm et L =30 nm, aprés stress a différentes
conditions de polarisation, en utilisant le modéle de mobilité (équation IV.13) et un ensemble
unique de paramétres du modéle: C =5,46, n=0,277,b =1,87, ¢, = 3,71 V", c,=11,2 V", o =

44,76 V' et 0, =735 V™.

v En ce qui concerne le phénoméne NBTI, les déplacements de la tension de
seuil pendant le stress a différentes températures et polarisations de la grille
montrent que le NBTI est dominé par le piégeage de trous dans des picges
préexistants du diélectrique de grille, tandis que la récupération transitoire
suit une dépendance logarithmique en fonction du temps. De cette fagon, on a
développé un modéle NBTI capturant les dépendances de la température et de
la tension de la grille pour ces dispositifs p-MOSFETs UTBB FDSOI avec
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une polarisation de la grille arriére égale a zéro et une faible polarisation de

drain (Figure 6).
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Figure 6: Evolution de AV, avec le temps de stress normalisé ty, ... / t., des dispositifs UTBB
FDSOI p-MOSFETs avec L = 30 nm sous différentes tensions de stress NBTI V. 2 des
températures T = 125 °C (a) et 75 °C (b). Les symboles sont les données expérimentales et les
lignes sont les résultats du modéle de I'équation IV.16.

Enfin, la derniére partie de notre recherche qui couvre une partie importante de cette
these traite du phénomene de variabilité locale dans les dispositifs CMOS avancés a 1'échelle
nanométrique. Les sources principales de la variabilité locale de courants de drain et de grille
ont été ¢tudiées en détail. Dans cet aspect, on a développé un modéle de la variabilité locale
du courant de drain entiérement fonctionnel, valable pour toutes les conditions de
polarisations de grille et de drain, y compris toutes les sources principales de la variabilité
locale du courant de drain supposées non corrélées, a savoir les fluctuations locales de la
tension de seuil, du facteur de gain de courant, de la résistance série de drain et de source et

du facteur d’idéalité de la pente sous le seuil (Figure 7).
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Figure 7: Résultats expérimentaux (symboles) et modéle (lignes) de 6’(Al/1,) en fonction de la
tension de grille (a, b) et de la tension de drain (c, d).
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En ce qui concerne la modélisation de la variabilité locale du courant de la grille, les
fluctuations locales de la tension de seuil et 1'épaisseur de l'oxyde de grille ont été prises en
compte. Les modeles proposés pour les variabilités locales des courants de drain et de grille
ont été vérifiés, en utilisant un modéle compact basé sur la fonction de Lambert W et en
effectuant des simulations Monte Carlo qui reproduisent avec précision les variations des
courants mesurées expérimentalement. Ensuite, grice aux modéles de variabilité¢ locale
proposés, on a caractérisé diverses technologies avancées en termes de performance de
variabilités locale et globale. En effet, on a effectué une caractérisation statistique détaillée de
la variabilité locale et globale du courant de drain dans les dispositifs 14 nm Si bulk FinFET
et dans les nanofils Si/SiGe sous 15nm. Puis on a extrait les parameétres principaux de la
variabilité locale montrant que, malgré leurs dimensions trés agressives, ces dispositifs
présentent une performance de variabilité locale et globale relativement bonne. En outre, on a
étudié 1'impact de la résistance série de source et de drain sur la variabilité du courant de drain
pour les dispositifs 28 nm bulk MOSFETs. Enfin, on a effectu¢ une étude compléte de la
variabilité locale des courants de drain et de grille dans les dispositifs FDSOI de 14 nm. En
conclusion, ces modeles compacts de la variabilité locale des courants de drain et de grille
peuvent étre facilement implémentés dans des outils de simulation de circuits pour la
conception de circuits et sont applicables aux technologies bulk et FDSOI. De cette maniére,
notre modele compact de courant de drain pour les UTBB FDSOI déja implémenté en
Verilog-A, a été utilisé pour examiner I'impact de la variabilité du courant de drain sur les
circuits fondamentaux au moyen du logiciel Cadence Spectre.
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