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Introduction

Introduction

The continuous downscaling of CMQOS technology, the main engine of
development of the semiconductor Industry, is limited by factors that become
important for nanoscale device size, which undermine proper device operation
completely offset gains from scaling.

One of the main problems is device variability: nominally identical devices
are different at the microscopic level due to fabrication tolerance and the
intrinsic granularity of matter. For this reason, structures, devices and materials
for the next technology nodes will be chosen for their robustness to process
variability, in agreement with the ITRS (International Technology Roadmap for
Semiconductors). Examining the dispersion of various physical and geometrical
parameters and the effect these have on device performance becomes necessary.

In this thesis, | focus on the study of the dispersion of the threshold voltage
due to intrinsic variability in nanoscale CMOS technology for logic and for
memory. In order to describe this, it is convenient to have an analytical model
that allows, with the assistance of a small number of simulations, to calculate

the standard deviation of the threshold voltage due to the various contributions.

In the first chapter of the thesis will address the problem of variability of

physical and geometrical parameters in CMOS technology and will analyze the
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main factors of variability and the effect of variability on the performance of
electronic circuits.

The second chapter will proposed an overview of the state of the art of
research in variability, taking into account various mechanisms and their
combined effects.

In the third chapter we will describe our model to investigate the dispersion
of the threshold voltage based on sensitivity analysis. We have considered
various structures, for which results from three-dimensional atomistic statistical
simulations were available, in order to compare and verify the validity of our
method: in particular a 32 nm ultra-thin body SOl MOSFET and a 22 nm
double-gate MOSFET adopted within the EC PULLNANO Project, one bulk
45 nm NMOSFET within the ENIAC project MODERN and a 32/28 nm CMOS
process developed by STM again for the MODERN project.

In the fourth chapter we consider the variability of Flash memory devices,
focusing on a template of a flash memory cell obtained in collaboration with
Micron for the 32 nm technology node. We shall see the specificity of studying

device variability in the context of nonvolatile memories
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1 Variability in CMOS technology

The semiconductor industry was born with the invention of the first bipolar
transistor in 1948. In 1961 appeared the first planar circuit and in 1964 it was
the turn of the first MOSFET. Today the progress of the semiconductor industry
has led to microprocessors operating at GHz frequencies, to microprocessors
with more than 1 billion transistors and GByte memory chips.

This rapid technological progress had been predicted in 1965 in a famous
speech by Gordon Moore. Moore said that the number of transistors per square
inch present on a chip would double every 18 months, achieved both by
reducing the size of the transistor, and by increasing the size of the single
circuit. This prediction became the so-called "Moore's Law" (Fig. 1.1).

The further reduction in the size of MOS transistors, however, requires the
introduction of new materials and new architectures that take the place of

conventional planar MOS.
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Fig. 1.1 The time progresses of Moore's law [1].

One of the main causes of the rapid improvements of integrated circuits have
to be found in the excellent performance and scaling properties of MOS
transistors, for the first time described by Dennard in 1974: he saw that
reducing the horizontal size, vertical size and operating voltage, we can obtain
simultaneous improvements in the density of transistors, the switching speed
and switching energy. Since then, the recipes for scaling have been updated to
modern processes. However, every 2-3 years we see a reduction in the
minimum size of about a factor of 0.7 and each generation provides transistors
that are smaller, faster and use less energy [2].

A method to estimate the delay of gates based on MOS transistors is the use

of the CV/I metric. In this metric, the switching speed can be estimated when
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the gate capacitance (Cgate), the operating voltage (Vpp) and the "On Current”
(lon) (i.e. the current when Vgs = Vps = Vpp) are known.

This simple metric underestimates the gate delay because it omits some
important performance factors, as the junction capacitance and the fact that the
typical MOS circuits have a fan-out larger than 1 (so the load capacity is
typically larger than the gate capacitance). However, a metric is especially
useful when there is not a complete set of transistor parameters for a more
rigorous comparison.

Another important characteristic of the MOS transistor is to reduce the
amount of energy used during a switching event. The reduction in switching
energy is due to the combination of several factors: lower parasitic capacitance,
smaller feature sizes, lower supply voltage. A metric to estimate the switching
energy of MOS transistor is CoateVoDn, using the gate capacitance of the
transistor and the supply voltage. This is also a simplified metric, which omits
some factors of the second order, but it is useful to estimate the trends of the
various technology generations. The transistor switching energy has become
increasingly important because of constraints on the overall power
consumption.

Scaling also poses performance challenges. Scaled MOS transistors require
reduced threshold voltages than in turn lead to higher subthreshold leakage
(lore). Another limitation is the gate oxide thickness reduction: the leakage
current of the gate oxide increases exponentially with each new generation due
to the reduction of oxide thickness and approaches the values of the
subthreshold drain current (~ 1 nA / um).

Metal gate with high-k dielectric have been implemented in the recent

technology generations in order to allow scaling of the EOT (equivalent oxide
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thickness), consistent with the overall transistor scaling while keeping gate
leakage currents within tolerable limits.

The characteristics of the MOSFET for very small dimensions present
variability issues because of the challenging lithography and because of intrinsic
process variations, such as the random fluctuation of dopants in the channel
regions that concern the control of the threshold voltage V.

To approach the issue of CMOS technology scaling, we refer to chapter
Process Integration, Devices, and Structures (PIDS) of the International
Technology Roadmap for Semiconductors (ITRS) [3], which addresses the
subject of aggressive scaling of MOSFETS, treating the entire process flow for
the realization of integrated circuits, considering the tradeoffs of reliability
associated with new options.

This aggressive scaling drives the industry toward a series of important
technological innovations, including material and process changes such as high-
k gate dielectric, metal gate electrode, and at longer term, new structures such as
ultra-thin, multi-gate MOSFETS (as well as FInFET).

The key objectives of the ITRS include both the identification of the main
technical requirements and the key challenges in order to support the scaling of
CMOS technology for the Moore's Law, and the encouragement to research and
development necessary to meet the key challenges.

The ITRS provides potential solutions, which are intended as a stimulus and
not as limitations to the research, exploring new and different approaches.

In the Tab. 1.1 the difficult challenges identified by the ITRS 2010 for

process integration are shown.

10
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Difficult Challenges for L, 216 nm

Summary of Issues

1. Scaling of logic MOSEETs

Scaling planar bulk CMOS

Implementation of fully depleted SOI and multi-gate (MG) structures
Confrolling source/drain senies resistance within tolerable limuts
Further scaling of EOT with higher x materials (x > 30)

Threshold voltage tuning and control with metal gate and high-x stack

Inducing adequate strain

2. Scaling of DRAM and SRAM

DRAM—
Adequate storage capacitance with reduced feature size; implementing high-« dielectric
Low leakage in access transistor and storage capacitor
Low resistance for bit and word lines to ensure desired speed
Improve bit density and to lower production cost in driving toward 4F” cell size
SRAM—
Maintain adequate noise margin and control key mstabilities and soft-error rate
Difficult lithography and etch issues

3. Scaling high-density non-volatile
memory

Endurance. noise margin, and reliability requirements
Non-scalability of tnnel dielectric and interpoly dielectric in flash
Difficult lithography and etch issues with pitch scaling

Mantain high gate coupling rafio m floating-gate flash

4. Reliability due to material, process,
and structural changes

Threshold voltage shifts due to traps, carmer injection. and program/erase cycling in memory cells
Mobility degradation due to mechanical stress relaxation or interface states

Wew or changed failure mechanisms resulting from high-«/metal gate and new doping/activation processes
New failure mechanism resulting from fundamental length scales or new device structures

Process vanability

Difficult Challenges for L, = 16 nm

Summary of Issues

1. Implementation of advanced non-
classical CMOS structures

Advanced non-planar multi-gate MOSFETs below 10 nm gate length
Control of short-channel effects

Dramn engineering to control parasitic resistance

Strain enhanced thermal velocity and quasi-ballistic transport

2. Implementation of non-classical
CMOS channel materials

Identification and demonstration of alternate channel materials
New issues from materials, devices, and processing
Integration of altemate channel matenials on Si platform

3. Identification and implementation of
new memory structures

Density and voltage scaling of NVM

3-D integration of NVM

Implementing non-charge-storage type of NVM
Scaling storage capacitor for DRAM

DEAM and SEAM replacement solutions

4. Reliability of novel devices,
structures, materials, and applications

Reliability charactenization of new devices

Dealing with fluctuations and statistical process variations
Impact of microscopic physical effects

Need for Design for Reliability tools

3. Power scaling

Vi scaling
Controlling subthreshold current

6. Beyond CMOS

Identification and implementation of non-CMOS devices and architectures
Integration onto $1-CMOS platform
See ERD and ERM chapters for more discussions and details

Tab. 1.1 Process Integration Difficult Challenges [3].

In the ITRS Emerging Research Devices chapter, information on several
new technologies proposed for beyond CMOS information processing, memory,
and storage technologies was evaluated and discussed. In the Table 1.2 and
Table 1.3 the difficult challenges of the emerging research devices and materials

are reported.

11
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Difficult Challenges = 16 nm and = 16 nm

Summary of Issues and opportunities

Scale high-speed. dense. embeddable, volatile and
non-volatile memory technologies to and beyond the
16 nm technology generation.

SPAM and FLASH scaling will reach definite limits within the next several years (see PIDS
Dufficult Challenges). These are driving the need for new memory technologies to replace
SEAM and FLASH memories.

Identify the most promising technical approach(es) to obtain electrically accessible, high-speed,
high-density, low-power. (preferably) embeddable volatile and latile RAM

The desired material/device properties must be maintamed through and after high temperature

and corrosive chemical processing
Peliability issues should be identified & addressed early in the technology devel it

Scale CMOS to and beyond the 16 nm technology
generation.

Develop new materials to replace silicon as an alternate channel and source/drain to increase
the saturation velocity and maxinmm drain current in MOSFETs while minimizing
leakage curents and power dissipation for technelogy scaled to 16 nm and beyond

Develop means to control the variability of critical dimensions and statistical distributions (e.g.,
gate length, channel thickness, 5/D doping concentrations, etc.)

Accommodate the heterogeneons integration of dissimilar materials
The desired matenal/device properties must be maintamed through and after hizh
temperature and corrosive chemical processing
E.eliability issues should be identified & addressed early int

Extend ultimately scaled CMOS as a platform
technology into new domains of application.

Discover and reduce to practice new device technologies and a primative-level architecture to
provide special purpose optimized functional cores heterogeneously integrable with
silicon CMOS.

Continue functional scaling of information
processing technology substantially beyond that
attamable by ultimately scaled CMOS.

Invent and develop a new information processing technology eventually to replace CMOS

Ensure that a new information processing technology is compatible with the new memory
technology discussed above; 1e., the logic technology must also provide the access
function in a new memory technology.

Bridge a knowledge gap that exists between materials behaviors and device functions.

Accommodate the heterogeneons integration of dissimilar materials

The desired material/device properties must be maintamed through and after high temperature
and corrosive chemical processing

Reliability issues should be identified & addressed early in the technology development

Tab. 1.2 Emerging Research Devices Difficult Challenges [3].

12




Valentina Bonfiglio
1 Variability in CMOS technology

Difficult Challenges =16 nm

Summary of Issues

high performance

Integrarion of alternate channel materials with

IV has high electron mobility, but low hole mobility
‘Genmanium has high hole mobility, but electron mobility is not as high as III-V materials

Demonstration of high mobility n and p channel alternate channel materials co-integrated with high
« dielectnic

Demonstration of high mobility n and p channel carbon (graphene or carbon nanotubes) FETs with
high on-off ratio co-integrated with high « dielectric and low resistance contacts

Selective growth of alternate channel materials in desired locations with controlled properties and
directions on siicon wafers (III-V, Graphene, Carbon nanotubes and semiconductor
nanowires)

Achieving low contact resistance to sub 16 nm scale structures (graphene and carbon nanotubes)
Ge dopant thermal activation is much higher than ITI-V process temperatures
Growth of high K dielectrics with unpinned Fermi Level in the alternate channel material

Contrel of nanostructures and properties

Controlled assembly of nanestructures

Ability to pattern sub 16 nm structures in resist or other manufacturing related patteming materials
(resist, imprint, self assembled materials, etc.)

Control of CNT properties. bandgap distnbution and metallic fraction

Control of stoichiometry, disorder and vacancy composition in complex metal oxides
Control and identification of nanoscale phase segregation in spin materials

Control of surfaces and interfaces

Control of growth and heterointerface strain

Control of interface properties (e.g.. electromigration)

Ability to predict nanocomposite properties based on a “rule of mixtures™

Data and models that enable quanfitative structure-property correlations and a robust nanomaterials-
by-design capability

Placement of nanostructures, such as CNTs, nanowires, or quantum dots, in precise locations for
devices, interconnects, and other electronically useful components

Control of line width of self-assembled patterning materials

Control of registration and defects in self-assembled materials

Charactsrization of nanostructure-properiy
corvelations

Comrelation of the interface structure, electronic and spin properties at interfaces with low-
dimensional materials

Charactenzation of low atomic weight structures and defects (e.g., carbon nanotubes, graphitic
structures, etc.)

Characterization of spin concentration in matenials
Characterization of vacancy concentration and its effect on the properties of complex oxides

3D melecular and nanomatenial structure property correlation

Characterization of properties of embedded
interfaces and matrices

Characterization of the roles of vacancies and hydrogen at the interface of complex oxides and the
relation to properties

Characterization of transport of spin polarized electrons across interfaces
Charactenzation of the structure and electrical interface states in complex oxides
Charactenzation of the electrical contacts of embedded molecule(s)

Fundamental thermodynamic stability and
fluctuations of marerials and structures

Geometry, conformation, and interface roughness in molecular and self-assembled structures
Device structure-related properties, such as ferromagnetic spin and defects

Dopant location and device variability

Tab. 1.3 Emerging Research Material Technologies Difficult Challenges

[3].

The Front End Processes (FEP) Roadmap focuses on future process

requirement and potential solutions related to scaled field effect transistors
(MOSFETSs), DRAM storage capacitors, and non-volatile memory (Tab. 1.4).

13
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The purpose is to define comprehensive future requirements and potential
solutions for the key front end wafer fabrication process technologies and the
materials associated with these devices.

Difficult Challenges = 16 nm

(Metal 1 1/2-pitch) Summary of Issues

Strain Engineering

- continued improvement for increasing device performance

- application to FDSOI and Multi-gate technologies
Achieving DF.AM cell capacitance with dimensional scaling

- finding robust dielectric with dielectric constant of ~60

- finding electrode material with high work finction
Achieving clean surfaces free of killer defects

- with no pattern damage

- with low material loss (<0.2 A)

High-k/Metal Gate

- introduction to full scale manufacturing for HP, LOP, and LSTP
- scaling equivalent oxide thickness (EOT) below 0.8 nm

450 mm wafers - meeting production level quality and quantity

Difficult Challenges < 16 nm

(Metal I 1/2-pitch) Summary of Issues

Continued scaling of HP multigate device in all aspects: EOT, junctions, mobility enhancement, new channel
materials, parasitic series resistance, contact silicidation.

Lowering required DRAM capacitance by 4F2 cell scheme or like, while continumg to address matenials challenges

Continued achievement of clean surfaces while eliminating material loss and surface damage and sub-critical
dimension particle defects
Continued EOT scaling below 0.7 mm with appropriate metal gates

Continued charge retention with dimensional scaling and introduction of new non-charged based NVM technologies

Tab. 1.4 Front End Processes Difficult Challenges [3].

The limits of CMOS scaling have led researchers worldwide at the
introduction of new device structures, such as ultra-thin body (UTB) silicon on
insulator (SOI) devices, double-gate SOI, FinFETs. These new devices help
eliminate some of the short-channel effects displayed by conventional
MOSFETSs. However, many old questions remain, and also new problems arise.
For example, in UTB SOI devices, in double-gate MOSFET and FinFET,
mechanical quantum effects significantly influence the overall behavior of the
device. In addition, there are still considerable fluctuations in device
parameters.

A potential solution to the unacceptable variation in threshold voltage in
very small MOSFET, caused by the small number of dopants in the channel, is
to use ultra-thin body, fully depleted SOl MOSFETs. For these devices the

14
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channel doping is relatively low, and the threshold voltage can be adjusted
acting on the gate work function, rather than on the doping of the channel as in
conventional bulk MOSFETS.

As far as double-gate SOl MOSFETS are concerned, these devices have a
potential profile quite different from that of conventional bulk MOSFETS, due
to the symmetrical structure and the extremely low doping, so one can not apply
the models developed for bulk planar MOSFETS.

In this regard, while for the conventional bulk MOSFET, there are several
models in the literature related to analytical and numerical fluctuations of the
parameters, which become evident with the reduction in size, relatively little has
been done to these new components.

It is useful to analyze the dispersion of parameters in these new devices, to
study the effects and find solutions to allow for the scaling while respecting the

constraints imposed by the Roadmap.

1.1 Main factors of variability of the CMOS technology

The rapid growth of semiconductor industry over the past 40 years has been
mainly the result of a constant reduction in the size of the CMOS switching
elements, which form the basis of the logic circuits in almost all modern digital
systems. When the size of the CMOS switches, and field effect transistors that
implement them, are reduced, the integrated circuits make with them, to
improve in terms of speed, density of the total circuit and cost for function.

But there are some physical limitations to the miniaturization process [4].

The International Roadmap for Semiconductors outguess that CMOS
transistors with channel lengths of 7 nm become mass-produced since 2018;

devices with channel lengths of 25 nm are already in production. The size of the

15
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CMOS will continue to scale over the next two decades, but when they come
near to the dimensions of the silicon lattice, the precise atomic configuration of
the structure will become extremely important for their macroscopic properties.

Fig. 1.2 Dopants in a small transistor: the electrostatic potential is
mapped from red (1 V) to blue (0 V). The fluctuations of the potential in
the channel associated with the random distribution of dopants lead to
have different characteristics for each device [Fig of [4]].

Mead and Keyes recognized in 1970 [5], [6] that below a critical size, the
devices cannot be described, designed, modeled, or referred as a discrete
semiconductors with smooth boundaries and interfaces. At the nanoscale, the
effect of the number and position of dopant atoms, introduced to alter the
electrical properties of different regions of field effect transistors, (Fig. 1.2) will
be larger because of the small number of dopants; at the nanoscale it will
therefore be important to consider that every transistor is microscopically
different. The variation in the position of dopants between devices leads to

16
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measurable differences in the macroscopic parameters such as drive current,
threshold voltage, and leakage current. In addition, the reduction in size reduces
the number of dopants, and thus increase the variations and consequently
worsens the differences in device performance.

In addition, by reducing the size of the device, the roughness of typical gate
oxides (one or two atomic layers), becomes comparable with the thickness of
the gate dielectrics itself. Thus, each device will have a different thickness of
the gate, and a profile of the roughness of the interface unique.

The use of high permittivity gate insulators (high k), to replace the existing
gate oxides, permits to obtain the gate thicknesses that can reduce this source of
fluctuations for one or two technology generations. However, variations on the
atomic scale of the position of impurity atoms, the local variations at the
interface silicon / silicon dioxide over the canal, and local variations of the
thickness of silicon dioxide, introduce variations in the electrostatics of the
device, in the electronic transport, and in the leakage current. The granularity of
the photoresist used to model the gate, will also introduce local variations in the
shape of the gate itself.

With existing technology, it is impossible to associate the detailed atomic
structure of individual nanoscale CMOS transistors corresponding to the
characteristics of each device. Over the past decade, researchers have been
focused to gain understanding of the fluctuations of the intrinsic parameters in
nanoscale CMOS transistors, and they have therefore made use of numerical
simulations, using more detailed mathematical models.

Key to any discussion of the fluctuations is to understand if the effect of a
variation is fundamental (can be removed only with a change in the structure or
in the operation of the device) or can be reduced with improvements in

technology over the years [7].
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A large number of effects of both types of variations have been documented
in the literature. Examples include: highly random effects (random dopant
fluctuations, RDF [8], line-edge roughness, LER [9], [10], line width roughness,
LWR [10], [11], oxide thickness fluctuations, OTF [12], poly-silicon granularity
PSG [13], interface trapped charges [14], non-uniformity of the charge at the
interface [15]), proximity effects in the pattern (classic and OPC / RET [16]),
proximity effects associated with stress (over layers, PMOS epitaxial, STI-
induced [17]), proximity effects associated with the polish (STI and ILD [18]),
proximity effects associated with the annealing (RTA-generated [19]), effects
related to the device (pockets planted with grains of poly [20], oxide thickness
[21]), and effects related to design (hot spots, falls [22]).

Of all the causes listed, it is assumed [23] that the main sources of
fluctuations are:

Random Discrete Dopant (RDD)

Line Edge Roughness (LER) and Line Width Roughness (LWR)

Oxide-thickness variations (OTV)

1.1.1 Random discrete dopant (RDD)

The impact of the number and placement of dopant atoms on the
characteristics of the device is crucial in determining the behavior of nanoscale
semiconductor devices, because these factors cause random variations in the
transistor threshold voltage (Vy, ) [24] - [26].

This can result in threshold voltage mismatch between transistors on die
(intra-die variations) resulting in significant delay variation of logic gates and

circuits [26]. The effect of random dopant fluctuations (RDF) on Vy, increases

18
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with technology scaling. This is due to the fact that the average number of
dopant atoms in the channel of a transistor reduces with technology scaling. For
example, assuming a doping density of 10'®/cm? the average number of dopant
atoms in the channel of a minimum size (width =2 x length) 70 nm device
(effective channel length of 40 nm) is approximately 100. The random variation
in this small number of dopant atoms can result in significant variations in the
Vy, of the transistor. Since the Vy, variation due to RDF can result in significant
variation in the delay of an electronically circuit, a careful analysis of the effects
of various sources of fluctuations is very important to make further progress in
VLSI technology. In particular, threshold matching, which is important for
some types of circuits such as SRAM and sense amplifiers, may be limited by
these fluctuations [27].

For example in Fig. 1.3 the discrete dopants randomly distributed in a cube

of 80 nm?® with an average concentration of 1.48 x 10*® cm™ are shown.

19
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Fig. 1.3 (a) Discrete dopants randomly distributed in a cube of 80 nm?
with an average concentration of 1.48 x 10 cm™. There will be 758
dopants within the cube, but dopants vary from 0 to 14 (the average
number is 6) within its 125 subcubes of 16 nm? [(b), (c) and (d)]. These 125
subcubes are then equivalently mapped in the corresponding regions of
channel of the device single-gate (s), double-gate (f), triple-gate (g), and
(square shaped) surrounded gate (h) for 3D simulations of sensitivity to the
number-position of the dopants [Fig 1 of [28]].

It is seen that the random nature of the dopants causes appreciable dispersion

of the threshold voltage, of the small signal parameters, and of the subthreshold

20
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characteristics. Considerable efforts have been made to analyze the fluctuations
of the threshold voltage induced by the random doping and to design structures
resistant to the fluctuations of dopants [25], [29].

Different doping profiles (such as retrograde, halo and superhalo) have been
proposed to reduce the threshold voltage fluctuations in ultra-small devices. The
International Roadmap for Semiconductors has predicted a transition from
conventional bulk devices to devices silicon-on-insulator (SOI) and then to the
multi-gate SOI devices as a high-performance. As a result, nanoscale devices
with vertical channel structures, such as double and triple gate and FinFET (fin-
type field effect transistor) with gate surrounded, are of great interest. However,
the channel doping must be used to alter the threshold voltage in the present
semiconductor manufacturing processes.

Several approaches, such as small-signal analysis [30] - [32], drift-diffusion
[33] - [35], and simulation with the Monte Carlo method [36] - [38] were
adopted to study the issues concerning variations and fluctuations in

semiconductor devices.

1.1.2 Line edge roughness (LER) and line width roughness (LWR)

Gate patterning is known to induce a no ideal (rough) edge herewith referred
to as line-edge roughness (LER).

Current state of the art processes is able to consistently reproduce poly line
widths below 100 nm. As the line width is scaled down, however, the roughness
on the edge of the line does not scale. The total value of the LER is defined to
be traditionally 3A, where A is the rms amplitude of LER that can be obtained
statistically from inspection of the lines generated by a given lithography

process [10]. The data collected by different processes, summarized in Fig. 1.4,
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show that, at present, there is a minimum limit of the edge roughness of poly
lines is typically on the order of 5— 6 nm, but can have values much larger than
that, depending on how the poly line was formed.

This value is larger than the requirements of the Roadmap for the devices
below 100 nm, and it is alarming because the dimensional requirements are
often more difficult to meet than the other specifications, for a given process.

The SIA national technology roadmap tells us that devices built as this scale
are required to control gate length within approximately 8 nm [12].

A typical image of photoresist lines and spaces shows variation along the
edge of the photoresist. Fig. 1.4 shows such edge variation. Measurements of
the linewidth can be performed on such structures, and the resulting distribution
of line widths can be determined.

Edge roughness in one of the primary concerns in controlling the gate length.

30— ® ASET (i-line)
[ ememsm: " TBM (i_line)
- R : § H : IMEC(i—?iie)
25 R B i % H O SANDIA (EUV)
F FREBR % O SONY (e-beam)
— r ? g % ‘B —— SIA Roadmap (1999)
S20 AEEIL =
= 1*%%%; T
2. (e v
A 155 : CHCEC ”,‘ —
- L ,/
~ [ L
o 10 Bt 7
b—] r % o 61’
H ol . ¢
Sr _.B-r tese [ . ]
L ’_-' . ]
ol [ I S
50 100 150 200 250

Linc Width [nm]

Fig. 1.4 LER found in advanced lithography processes and required by
the SIA roadmap. The inset shows the LER found in the lines below
100 nm generated by electron beam [Fig 1 of [10]].
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Line Width Roughness (LWR) is another source of variability. It is the
phenomenon that the edges of device patterns irregularly wind and cause a
variation in the pattern width [39] LWR is created during the etching and filling
of the surrounding shallow trench insulation (STI) in the edges of the template
flash cell [40]. The rough edges lead to a variation in device width along the
length of the device altering the amount of current produced.

A larger gate LWR enhances the fluctuation in the subthreshold leakage
current in short-channel n-MOSFETs even when the average gate length is
maintained. Consequently, suppressing the gate LWR effectively reduces the
variability in the threshold voltage of the scaled n-MOSFETSs for a high drain

voltage.

1.1.3 Oxide thickness variation (OTV) or Surface Roughness (SR)

The microelectronics industry owes much of its success to the existence of
the thermal silicon oxide, i.e., the silicon dioxide (SiO,). A thin layer of SiO,,
form the insulating layer between the control gate and the conducting channel of
the transistors used in most modern integrated circuits. Since the circuits are
more and more dense, all transistor sizes are scaled accordingly, so that today
the thickness of silicon dioxide is 2 nm or less [41]. Over the years, the oxide
thickness was decreased by a geometrical ratio with the next technology node,
but clearly this trend has already saturated, because there are physical and
practical limits on what can be done by a thin oxide film.

The essential physical limitations on the thickness of the insulator of gate,
ignoring the "extrinsic™ effects relating to the creation and production, are due

to the exponential increase of gate current when the oxide thickness is reduced,
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and the effect of this current feels, both on functionality, and reliability of
devices and of circuits. For example in the Fig. 1.5 is illustrated a typical profile
of the random interface Si/SiO, in a 30 x 30 nm* MOSFET.

Fig. 1.5 A typical profile of the random interface Si/SiO, in a
30 x 30 nm* MOSFET [Fig 1 of [12]].

1.2 Mismatch

The design of analog circuits requires an in-depth understanding of the
matching of components available in the various technologies. In MOS
technology, the capacitors are widely used to design precision analog circuits
such as data converters and filters, because of their excellent matching
characteristics. The matching of MOS capacitors was discussed in detail [42] -
[44]. However, all precision analog circuits cannot be designed using only
capacitors. For applications such as high-speed data conversion, capacitive
techniques are too slow. In addition, a digital VLSI process cannot offer linear
capacitors. These factors push to study the matching of MOS transistors [45].

The mismatch is the process that causes time-independent random variations

in physical quantities of identically designed devices [46]. The mismatch is a
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limiting factor in the processing of general-purpose analog signals, but
especially in "multiplexed" analog systems, analog-digital converters, reference
generators, etc.. Matching may be also important in digital circuits, circuits for
reading and writing digital memories, and in the noise margins of static RAM
cells. The impact of (mis)match in the MOS transistor becomes more important
due to the reduction of device dimensions.

The matching of the devices has been treated for years as an empirical
method due to the absence of a modeling and systematic analysis. The
mismatch is the time-independent variation in device parameters observed
between two or more identically designed devices. This is because each step,
necessary for the manufacture of integrated circuits, has several uncontrolled
variations, related to the discrete nature of matter, fluctuation of temperature,
mechanical stress, etc..

One can usually distinguish a global aspect and a local aspect. It is typically
the result of gradients in the process, i.e., quantities which change progressively
over the wafer. These are caused by instrumental variations and spatial
derivatives, i.e., distortions in the photomask, lens aberrations, variation of the
thickness of the photoresist, mechanical stress and variation in oxide thickness.
The global variations produce systematic mismatch for a group of identically
designed devices. Therefore, this can be minimized by using some "tricks", as
the technique of the common centroid, by locating "matched" devices as close
as possible, while maintaining the same orientation of the current, etc.. The
local aspect of the mismatch on the variations that occur in the range of short-
range, reflect changes in the total value of the component with reference to an
adjacent component on the same chip, and it is related to the discrete nature of
matter. Some causes are the diffusion and clustering of the dopants, interface

states and fixed charges, edge roughness and effects of grain polysilicon. The
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local variations produce a random mismatch that depends on the parameters of
the process, the size of the device and the polarization. It must be clear to the
designers a way to avoid the limitations imposed by the project.

The models of mismatch or use simple models of the drain current limited to
a specific region of work [44] - [46] - [47] or complex expressions [48].
However, in general, is widely accepted that the matching can be modeled by
random variations in the geometry, process and / or device parameters, and the
effect of these parameters on the drain current can be quantified using the model
of the dc transistor. As noted above in [47] and [49], there is an important flow
of the current used in the dc model to analyze the mismatch that leads to
inconsistent formulas. The implicit models of mismatch assume that the actual
values of lumped model’s parameters can be obtained from the integration of
distributed parameters position-dependent area of the channel region of the
device. As discussed in [47], the application of this concept of series or parallel
combination of transistors leads to a result inconsistent due to the nonlinear
nature of MOSFETS. Consequently, the simple use of fluctuations in parameters
of the dc lumped model (Vy, B, etc.) is not appropriate to develop models of
matching and new formulas must be derived from basic principles.

Several models of matching are proposed in the literature [45], [48], [50],
[51].
In analog circuit blocks, such as A/ D converters, differences of the threshold
voltage of millivolts or less can set the performance and / or the yield of a
product. Fig. 1.6 shows an example of how the physical effect of transistor

matching influences the performance of an analog / digital converter.
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Fig. 1.6 Performance of analog-digital converters from 7.. 10 bits
depending on the standard deviation of the mismatch of the pair of input
transistors [Fig 1 of [52]].

One effect of the mismatch of components is the offset voltage of
operational amplifiers. This is the input differential voltage required to set the
output to 0.

Since the operational amplifiers are typically used as part of more complex
circuits, their uncertainty of the offset appears as a limitation of the specific
circuit. Fig. 1.7 shows the standard deviation of the random offset in the pair of
transistors that form the input of the comparator. Although the random offset is
of the order of millivolts, it has a significant effect on the performance of the

circuit.
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Fig. 1.7 Because of the matching of MOS, the clock signal propagates
differently on both chains of inverters. The histograms show the simulated
distribution in the 200 tests [Fig 8 of [52]].

ICs based on high performance CMOS are required for parallel processing.
As a consequence, the quality of these paths in parallel (i.e., multiplexers,
comparators, input stages, etc.) is important. Fig. 1.7 gives an example of how
transistor matching influences the differences in the clock delay of the clock
trees: different paths lead to losses in performance or yield in analog circuits or
reduce the strength in digital circuits.

Fig. 1.7 shows the random portion of the clock skew between two branches
of a tree clock, which is built in a CMOS process to 0.25 um with 1/0.25 2/0.25
um transistors. In digital circuits the amplitude of the variations of the skew of

GHz clock will be comparable with the clock cycle.
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1.3 Delays of multi-level logic

The variability of parameters due to the scaling of devices has, among other
effects, the threshold voltage mismatch between transistors on the die (intra-die
variations) resulting in significant variations of the delay in logic gates and
other circuits. In addition, the effect of variations of Vy, on the distribution of
delay of a circuit depends strongly on the geometry of the device (channel
length, width, oxide thickness, etc...) and the doping profile.

So, one needs a statistical model and analysis of the delay of logic gates
(considering the variation of Vi, due to RDF) both for the circuit and for the
phase of the design of the device, in order to increase the efficiency of logic

circuit in nanoscale systems.
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Fig. 1.8 General circuit with n transistors [Fig 1. of [8]].
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We consider a typical logic gate with n transistors (Fig. 1.8). In general, the
propagation delay from the input IN; t;; to output depends on the Vi, of the n
transistors (i.e., V). Therefore, considering the fluctuations of each transistor
(6V+i) from their nominal value (Vrig), tg can be written as:

taj = f Ve, V) = f(Viao + Vrgs oo Vino + Vrn) (1.1)

Since fluctuations in Vy, of the different transistors are independent from
those in the other transistors, 6Vri, ..., 0V, are considered Gaussian random
variables with zero mean.

There are two possible output transitions: from low to high (LH) and high-
low (HL). Although you can design the gates with the same delay in the
nominal case for both transitions, due to random variations of the process, these
delays can be different. Therefore the total delay from INj at the output is given

byty = Max(ty,, tyu ).

The distributions of the delay of logic gates in a library of standard cells can
be obtained using the semi-analytical models proposed in [8]. Here we consider
results for two basic logic gates, i.e., that are designed using the Berkeley
Predictive Technology Models (BPTM) for 70 nm technology [52].
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Fig. 1.9 Definitions of inverter and delay parameters [Fig. 2 of [8]].

i
L
:

LA

Fig. 1.9 shows the definitions of inverter and delay parameters. The inverter
is designed to have the same delay both for LH (tg. ) and for HL (tg) in the
nominal case (6Vr1 = 0V, = 0). It may be noted that 6V of the PMOS (d6Vr,)
has a strong impact on ty 4 (Fig. 1.10). On the other hand, it is sensitive mainly
to tgn OVy of the nMOS (6V+,) (Fig. 1.10). The distributions of ty 4, tyn, and
ty (=Max(t,,, t,, ) estimated using the proposed method are closer to the

distributions obtained with the Monte Carlo method in SPICE (Fig. 1.11). It is
noted that the application of the standard deviation of 30% of Vi ( o, =30%
of the nominal Vy,) leads to a dispersion of 5% (STD / Mean) in the overall

delay of an inverter. Increasing the variation of Vy, results in a larger dispersion
of the delay [8].
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Fig. 1.10 Delay vs. 8Vy, for an inverter [Fig 3. of [8]].
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Fig. 1.11 Verification of the model: PDF (a) tgn, (b) tgue, and (c)
ts = Max (tg n, tg) for an inverter (oyro =60 mV is chosen to obtain a
considerable dispersion in the delay distributions; the Monte Carlo SPICE
simulations are made to 10000 points) [Fig 4.of [8]].

The performance of CMOS logic circuits is significantly influenced by the
amplitude of the deviations of the delay of the critical path due to the

fluctuations of the intrinsic and extrinsic parameters. To estimate the impact of
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these fluctuations of the parameters, a delay distribution of a static CMOS
critical path is calculated from a rigorously derived device and circuit models
[54]. Two possible options to achieve the desired performance are: 1) reduce the
performance by operating at a lower clock frequency, 2) increase the supply
voltage and, consequently, power dissipation, to satisfy the nominal critical path
delay. For the 50 nm technology generation, delay increases by 12% - 29% and
power dissipation of 22% - 46% have been estimated. They are due only to
fluctuations of the extrinsic parameters such as effective channel length, gate
oxide thickness and doping concentration of the channel. In comparison, when
both intrinsic and extrinsic fluctuations have included in the analysis, delay and
power dissipation increase to 18% - 32% and 31% - 53%, respectively, which
demonstrates the importance of including intrinsic fluctuations in projects of the

future CMOS logic circuits.

1.4 Noise margins of SRAM

The CMOS SRAM has a key role in modern Systems on Chip (SoC) [55].
However, the fluctuation of the intrinsic parameters of the devices increases
with scaling. The new generations of SRAMSs are therefore more sensitive to
fluctuations at the atomic level, which are unavoidable through an external
control of the manufacturing process.

Another important aspect in the design of an SRAM cell is its stability,
which determines the probability of error and the sensitivity of memory to the
operating conditions [56].

There is a tradeoff between the stability of an SRAM cell and area, for which
a design for the improvement of stability leads to higher circuit area. In recent

years many efforts have been made to create a model of stability of the cell flip-
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flop. The stability of an SRAM cell is typically associated with the static noise
margin (SNM), defined as the minimum static noise of the voltage needed to
change the state of the cell. The static noise may be due to offset and mismatch
due to manufacturing process and variations in operating conditions. An SRAM
cell should be designed in such a way that is not modified by dynamic
disturbances caused by alpha particles, crosstalk, power supply voltage

variations and thermal noise.

\' Vg

During standby During read
mode access

B
“— FL(Vy)
F2(Vi)

Fig. 1.12 Schematic of a CMOS SRAM cell during the standby mode
and during the read access. The subscript ""R™ indicates the right side of
the cell, the subscript ""L" the left. The cell is more vulnerable at the noise
during a read access [Fig 1 of [24]].
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As shown in Fig. 1.12, there is a graphic method to determine the value of
the static noise margin from the characteristics of inverter that constitute the
cell: Static noise margin is the side of the largest square that can be included in
each "wing" of the butterfly diagram. In the tracking of the features shown in
Fig. 1.12 is used as a MOS basic model with constant threshold voltage and
exponential subthreshold current.

A 4

Vi

Fig. 1.13 The static noise margin is defined as the minimum noise
voltage present at each of the cell storage nodes necessary to flip the state
of the cell. Graphically, this may be seen as moving the static
characteristics vertically or horizontally along the si side of the maximum
nested square until the curves intersect at only one point [Fig. 2 of [24]].

From Fig. 1.12 and Fig. 1.13 we can see how one can build two squares
within the butterfly cell, whose you can produce the noise margins and SNM_

and SNMg. Only for a perfectly symmetrical unperturbed cell, SNM, is equal to
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SNMg. In order to evaluate the SNM in the worst case, the static noise margin
should be evaluated as follows:

SNM = min[SNM,, SNMp] (1.2)

The optimization of the static noise margin is one of the most important aspects
in the design of SRAM cells[24]. One of the possible solutions to improve the
scalability of SRAM cells, providing immunity to the fluctuations of the
intrinsic parameters, is the technique of bias control. In [55], in particular, it
focuses on the approaches of polarization of the bit line and the polarization of
the gate of the access transistor.
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Fig. 1.14 Mean value p and standard deviation ¢ of the SNM as a
function of the polarization of the bit line and the polarization of the gate of
access transistor [Fig 4 of [55]].
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Fig. 1.14 shows the improvements of the performance of the static noise
margin following these approaches. These studies indicate that the approach of
the bit line bias leads to moderate improvements in the performance of the
SNM, with an increase of the mean value of static noise margin p of 6%. In
contrast, the approach of biasing the gate of the access transistor improves
noticeably the performance in terms of static noise margin. In fact, a decrease of
10% of the gate voltage of access transistor introduces an increase in the
average value of the SNM (u) by about 18%. Note that the standard deviation
(o) of the SNM decreases with decreasing gate voltage, with consequent
benefits in terms of yield [55].

Fig. 1.15 shows the improvement of the static noise margin using a
combination of the polarization of the bit line and the gate of the access
transistor. In this way we can achieve improvements of over 40% of the SNM.
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Fig. 1.15 Distribution of the noise margin with and without the control
of the bias voltage [Fig. 5 del [55]].
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At the device level, a proposed solution to alleviate the effects of intrinsic
fluctuations [57] is to use the retrograde doping profiles in transistors and also
use the channel lengths that are marginally larger than the minimum feature
size. This alleviates the problem but does not eliminate it entirely. Circuit
techniques that push away the tensions of the memory cell nodes from each
other, improve the SNM of the cell, making it more immune to noise, are
proposed in [58] as a solution that addresses the stability of the cell, the

subthreshold leakage, and performance degradation in scaled CMOS SRAM.
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2 State of the art

2.1 Random discrete dopant (RDD)

Wong and Taur were the first to propose a full 3D simulation of field effect
transistors under the influence of random discrete dopants (RDD) [59]. They
used a drift-diffusion simulator, which models the electronic transport as an
incompressible fluid flow, considering the area under the gate like a
checkerboard of smaller devices connected together, each with a different
density of dopant atoms. The results show the two main effects of randomly
distributed discrete dopants: a dispersion of the threshold voltage of the device,
and a reduction of the average threshold voltage compared to the threshold
voltage of the system with constant doping [4].

These 3D simulations prefigured the current techniques and used a 3D
device simulator that is computationally efficient, but they were not taken
immediately in commercial simulators. A 3D simulation requires significant
computational resources; the simulations are even more important because of
the need to have accurate models of atomic-scale lengths.

The dependence of the threshold voltage caused by the random fluctuation in
the number of dopants in the channel of the MOSFET and of the random
distribution at the microscopic level of atoms random discrete dopants in the
channel of the MOSFET [59] has been studied, always using the drift-diffusion
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approach, with the devices simulator FIELDAY [60]. Fig. 2.1 shows an
example of a set of -V curves of 24 MOSFETs with different random
distributions of atoms for W =50 nm, L = 100 nm, t,, =30 A, and a uniform
doping average of the substrate of 8.6 x 10" cm™ . When compared it with the
I-V characteristic of the same MOSFET simulated using the conventional
continuous doping model, the simulation of discrete doping shows: 1) a
dispersion of I-V curves along the axis of the gate voltage of about 20-30 mV,
2) a average shift of the I-V in the direction of the negative gate voltages of
about 30 mV in the subthreshold region and about 15 mV in the linear region,
and 3) a light degradation (<3 mV/dec) and fluctuation of the subthreshold
slope. The shift of Vy, in the subthreshold region is lower than in the linear
region due to the logarithmic dependence. The asymmetry of the threshold is
about 20-40 mV, and this can be attributed to the discrete and random nature of

the dopant atoms, resulting in an inhomogeneous channel potential [27].
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Fig. 2.1 Drain current as a function of gate voltage for a conventionally
doped MOSFET (circles) and 24 devices with different distributions of
discrete dopants in the channel (gray lines). The current average of all 24
devices is indicated with triangles. The shift of the threshold voltage in the
subthreshold region was defined as the shift of gate voltage to a level of
constant current (los) [Fig 18 of [27]].

Successively, Asenov et al. have carried out studies on the 3D atomistic
simulations [61], [62]. For the first time was made of the systemic analysis of
the effects of random doping in 3D on a scale sufficient to provide quantitative
statistical predictions. It was adopted an approach to hierarchical atomistic
simulations, always based on the drift-diffusion method. To reduce processing
time and memory required for high drain voltages has been developed a self-
consistent option based on a solution of the continuity equation of the current
restricted to a thin slice of the channel. At low drain voltages, the single
solution of the Poisson equation is sufficient to extract the current with
satisfactory accuracy [61].

Dependencies and <Vu> (threshold voltage of the device with constant
doping profile) on the concentration of the dopants are compared in Fig. 2.2 for

transistors with Leg = Wegr = 50 nm and to, = 3 nm. The inset in the same figure

41



Valentina Bonfiglio
2 State of the art

shows that the reduction of the threshold voltage induced by the random doping,
increases almost linearly with increasing of the concentration of dopants [62]. In

Fig. 2.3 is shown instead the dependence of o, of the same concentration.

0.8
e} VTU
m} <VT>
0.6
a 0.4
=~
-.02 -
= e 003 = o
F 0044 .
0.24 .05 L a T
Qr-f(}.[]ﬁ- I o
Vo007 ; —
0 2E+l8 4E+I8 6E+IR
0 ND[cm“'l
1E+18 2E+18 3E+18 4E+18 5E+18 6E+18
N, fem™]

Fig. 2.2 Comparison of the dependence of the concentration of the
dopants of <Vy,> for transistor with Les =W, =50 nm and t, =3 nm.
Samples of 200 transistors [Fig 6 of [62]].
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Fig. 2.3 Comparison of the dependence of the concentration of dopants
by ay,, calculated atomistically and the analytical models [45] and [63],

With Legr = Wegs = 50 nm and to, = 3 nm. Samples of 200 transistors [Fig 7 of
[62]].

In 2003, Andrei and Mayergoyz included quantum-mechanical effects in the
analysis, suggesting a very fast technique for the calculation of the threshold
voltage fluctuations induced by variations of the dopants [30]. This technique is
based on linearization of the equations of transport in respect of the fluctuating
guantities, and it is, from point of view computational, very efficient, since it
avoids several simulations for various doping (as in the case of Monte Carlo
techniques).

The results for the standard deviations of the threshold voltage obtained for a

MOSFET with a channel length of 50 nm are shown in Fig. 2.4 and compared

with those obtained by Asenov et al. for various oxide thicknesses. In [64], oy,

is calculated by simulating N = 200 MOSFETs, which implies errors of o, of
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about ]/ V2N =5% . The vertical bars in Fig. 2.4 correspond to the absolute

value of these errors and show the range in which it has a probability of 68%.
There is good agreement between the results extracted and those obtained using
the statistical method in the case of classical computing. In the case of quantum
calculations, the values are somewhat smaller than those reported in [64] due to

the different electronic mass used in the simulations. The effective electron
mass used in [64] mn* =0.18 is smaller than that used in these simulations,

therefore, the values reported on, are approximately 15% larger.
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Fig. 2.4 Comparison of the gy, with Asenov et al. [64]. The effective

electron mass used in the simulations presented in [64] is m;, = 0.18m,
and it is different from the value m; = 0.21m, used in [30], which
justifies the difference in the calculations [Fig 5 of [30]].

By the comparison of data on the devices to 65 nm, can be seen that the RDF

is about 65% of the total o, . Similar results are obtained when comparing the
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results for the devices to 45 nm, where the RDF is about 60% of the total o
[7] (Fig. 2.5).

To eliminate the effects caused by the RDF is necessary to introduce a
destructive invention: one possibility is to use fully depleted devices (UTB or
Trigate devices), where one can maintain control in the channel with a

significantly lower channel doping.
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Fig. 2.5 Variations of the transistor 65 nm and 45 nm, the data are
compared with the RDF simulations under conditions of equivalent doping
[Fig 4 of [7]].

Recently, Reid et al., using the Glasgow “atomistic” simulator, have
performed 3-D statistical simulations of random-dopant-induced threshold
voltage variation in state-of-the-art- 35- and 13-nm bulk MOSFETS consisting
of statistical samples of 10° or more microscopically different transistors [65].
Simulations on such an unprecedented scale has been enabled by grid

technology, which allows the distribution and the monitoring of very large
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ensembles on heterogeneous computational grids, as well as the automated
handling of large amounts of output data.

The simulator self-consistently solves the nonlinear Poisson and current
continuity equations in a drift diffusion approximation. The resolution of the
individual discrete dopants is enabled by employing density gradient (DG)
quantum corrections for both electrons and holes [66], [67].

The simulated 35-nm n-channel MOSFET (based on a device originally
proposed by Toshiba) has a complex doping profile featuring retrograde indium
channel doping and source/drain pockets [68]. The microscopically different
devices in the >10° simulated statistical samples are generated using a
continuous doping profile, which has been extracted from carefully calibrated
process and device simulation using commercial TCAD tools [69]. The
simulated 13-nm MOSFET is a scaled version of the 35-nm device, based on
generalized scaling rules with structural parameters and doping profiles guided
by the requirements of the ITRS, and represents a limiting case for conventional
bulk MOSFET scaling [70][23].

In order to better understand the physical mechanisms whereby RDD affects
Vu, the study the surface potential distributions of devices from close to the
mean, and from the upper and the lower tails of the distributions, at the identical
gate voltages. There surface potential plots for both the 35- and 13-nm devices
are shown in Fig. 2.6a and Fig. 2.6b, respectively. At both channel lengths, the
behavior of the devices with higher Vy, is determined by the clustering of the
dopants across the channel width at the location of the maximum of the
potential barrier between the source and the drain. At this position, the dopants
have the maximum impact on Vy, by almost completely blocking the current

path. Conversely, the behavior of the transistors is determined by the lack of
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dopants in the part of the channel that is near the potential barrier maximum,
creating an open current path that is responsible for the low Vy,.
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Fig. 2.6 Raw electrostatic surface potential profiles for the devices in the
lower part, the middle, and the upper part of the distributions. (a) 35-nm
devices, (b) 13 nm devices [Fig 6 of [65]].

In order to study the asymmetry in the Vy, distribution induced by the
random dopant distribution, they have done a more detailed analysis to
determine the statistically significant region (SRR) of the transistor that
dominates the statistical behavior of the device ensemble. Moreover it is
necessary to fix the number of dopants within the SSR (Nsgr): this is possible
by estimating the distribution of the threshold voltage caused by the random
partitioning of the dopants and calculating their mean and standard deviation.

From their analysis it becomes clear that the asymmetry in the random
dopant induced threshold voltage distribution is due to factors: first, the Poisson
distribution for a fixed value of Nssg is asymmetric with a positive skew, and
this asymmetry increases as Nsgr is reduced, and, second, the standard deviation

onssr Increase with Nggg.
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This statistical analysis has identified the SRR of the devices, in which the
number of dopants and their positions are closely correlated to the threshold
voltage variation. The asymmetry of the distribution stems from the linear
dependence of the mean and the standard deviation of the threshold voltage on
the number of dopants in the statistically important region, as shown in Fig. 2.7.
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Fig. 2.7 Dependence of the Vg mean and standard deviation as a
function of Ngsg for both devices. The linear dependence allows the
positional effects on Vy, to be extrapolated out to larger values of ¢ [Fig 10
of [65]].

2.2 Line edge roughness (LER)

The impact of line edge roughness (LER) on the performance becomes
increasingly important with size reduction. In fact, due to the rapid technology
development, the process of defining the gate are not yet mature and the LER is

typically high [71].

48



Valentina Bonfiglio
2 State of the art

Recently, attention aimed at the study of the effects of line edge roughness
of the gate on the performance of short-channel MOSFET is increasing. Device
simulations have suggested that the LER of a gate in a short-channel MOSFET
with large gate width results in a significant increase in leakage current, while
causing a minimum increase of current in strong inversion [72]. The effect can
be observed with the experiments comparing the currents of MOSFETSs with
different gate LER [73].

The experimental study of the doping profile and the extraction of relevant
information from real devices is difficult and expensive and therefore almost
exclusively numerical simulations are used [72].

The effects of LER depend on the technological process. In order to identify
processes that provide intrinsic performance improvements, it is important to be
able to separate the effects of LER by other factors.

In the ideal case, without taking into account the effects of LER, two
transistors with the same gate length L, would have the same |,/ 1, graphs.
However, when including the effects of LER, the transistors, while having the

same length L, are characterized by different edge profiles. The resulting

dispersion of the characteristics could also cause a shift of the mean value

compared tothe |,/ ideal curve. In Fig. 2.8 the Gate LER of the gate in a

traditional MOSFET is illustrated.
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Fig. 2.8 Illustration of a MOSFET with LER at the gate [Fig 1 of [72]].

Simulations for the study the LER are made using the approximation of a
two-dimensional device [71]. The width of the transistor is divided in different
segments of the two-dimensional devices with a width equal to the

characteristic spatial period of the LER (called correlation length A ), as shown

in Fig. 2.9. Initially are determined | and | for each portion of the device

and are then added together to obtain the ratio 1, /1 for the entire device.
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Fig. 2.9 A wide MOSFET with gate LER significant can be schematized
with the parallel of many gate with equal width to the correlation length of
the LER and gate length constant [Fig 1 of [71]].

Xiong et al. use a quick and convenient experimental method to extract and
characterize the LER of the polysilicon gate [72]. This method consists in
finding a controllable approach to produce a variable LER of the poly gate and
integrate it into the process flow of MOSFET.

Software was then developed to extract the trends of the profile of the gate
from the processing of data recorded on the poly lines using a scanning electron
microscope (SEM). These measurements are performed on each line of poly
(Fig 2.10).
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Fig. 2.10 Extraction of the waveform of the line edge of the current data
recorded by SEM [Fig 2 of [72]].

This method requires a large amount of data recorded by SEM, but does not
require special tools for adjustment except for some considerations related to
the resolution. The extent of the LER at this point can be obtained from analysis
of the data that describe the shape of the contour of the poly. A Gaussian
distribution cut at +3 dB can be used to approximate the statistical deviation of
the edge. RMS values (indicated with A) of the profiles within the day are fairly

consistent, if compared with the relatively large variations within the wafer.

Xiong et al. found an effect of LER observable on the curves |, /|  .[72].

However, it was shown that this effect is significantly smaller than those caused
by other changes in the process of the wafers where LER is generally quite
small. With the help of numerical simulations it was noted that the main effect

of gate LER on the device occurs in the doping profile. The scattering of dopant
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implantation and diffusion smoothes partially "roughness” of the edges of the

gate introduced by LER and reduce its effect on the curves I, /| 4 .

Finally, it was concluded that, by minimizing the gate LER (mean square
value of the border lines less than 2 nm), its effect is secondary to other process
variations for devices with gate lengths of 40 nm or larger.

In 2001 it was proposed an analytical model of the LER [73], which has thus
provided an efficient and accurate estimation of the effects related to it.

It is possible to distinguish two types of LER: short radius and long radius.
The short radius LER has a high spatial frequency (i.e., a characteristic length of
~1nm) and it is mainly attributable to the conditions of the lithography process
and of the resist. On the other hand, we speak of long range LER for
characteristic lengths greater than 10 nm; this type of LER is mainly due to
surface roughness of polysilicon. The Tab. 2.1 summarizes the impact of
various lithographic processes on the LER.

Lithography approach Short range LER [nm] Long range LER [nm)]
193 BIM 8.3 9.3
248 APSM 5.9 6.5
248 Alt PSM 3.5 4.1

Tab. 2.1 LER for 100-nm resist lines [Table 11 of [73]].

LER-induced variability has been the subject of numerous modelling and
simulation studies of different degrees of complexity and sophistication. The
use of 2-D simulations of devices with different channel lengths in combination
with the statistics of different channel length occurrences in the presence of

LER has been popular due to the low computational burden [74], [75].
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Comprehensive 3-D simulations vary in the complexity of the LER description
from square wave approximations [76], [77] to realistic statistical descriptions
of the gate edge based on different autocorrelation functions fitted to
experimental LER data [78]. More sophisticated 3-D simulation studies include
the confluence of LER and atomic-scale process simulation [79] and the impact
of LER-induced strain variations [80]. However, a common denominator in all
of the published 3-D simulations studies is the relatively small statistical
sample, which rarely exceeds 200 microscopically different devices.

In [81], Reid et al. present a comprehensive 3-D simulation study of LER-
induced MOSFET threshold voltage variability using statistical samples of more
than 10*transistors. Contemporary, bulk, ultrathin-body (UTB) SOI, and
double-gate (DG) MOSFETS have been simulated and analyzed. The large size
of the simulated statistical samples allows accurate estimation of the higher
order moments and the shape of the distributions of V. Intensive statistical data
mining is also used in order to explain the specific shape of the simulated
distributions.

The simulations presented in [81] were carried out using the well-established
Glasgow 3-D “atomistic” statistical device simulator [23]. Random gate LER
patterns are introduced into the simulations using 1-D Fourier synthesis, as
described in [78]. A Gaussian autocorrelation function characterized by an RMS
amplitude (A) and correlation length (A) has been adopted to describe LER, as
in previous LER simulation studies [78]. In all simulations reported in [81],
values of A =1.6667 nm and A =30 nm have been used to generate random
source/drain and gate edges introduced by roughness of the resist and the
following gate patterning process. This corresponds to LER patterns with

magnitude 5nm, which is representative of the state-of-the-art 193 nm
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lithography expected to be used in manufacturing of the 32- and 22-nm
technology generations.

The 3-D doping profile in the presence of LER is generated using 2-D
process simulation results and by assuming that the p-n junctions follow the
same pattern as the gate edge. This is a reasonable approximation in
contemporary CMOS technology, where laser scan annealing is progressively
applied for doping activation.

In order to confirm the trends observed in the simulations of the bulk 35-nm
MOSFET, and to examine the potential impact of LER on different device
architectures, smaller ensembles of three other devices have been simulated.
The selection includes an LP 42-nm physical gate length bulk MOSFET with an
oxide thickness of 1.7 nm, developed by ST Microelectronics and described in
detail in [83]; a 32-nm physical gate-length UTB SOl MOSFET with a body
thickness of 7 nm and equivalent oxide thickness (EOT) of 1.2 nm; and a 22-nm
DG MOSFET with a body thickness of 10 nm and EOT of 1.1 nm. The last two
devices were developed by the PULLNANO consortium [84] and are described
in detail in [85]. The distributions of threshold voltage for 35- and 45-nm bulk;
32-nm SOI and 22-nm DG devices at low drain voltage (Vp =100 mV) are
presented in Fig. 2.11. For all devices, the shape of the distribution of Vy, is
similar and all are negatively skewed. It should be noted that the SOl MOSFET
in particular exhibits good immunity to LER-induced variability, having a
standard deviation of Vy, that is much lower than the other three devices. This is

due to better electrostatic integrity and hence reduced short-channel effects.
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Fig. 2.11 Comparison of the distribution of V, due to LER in the four

Vi (V)

simulated devices at Vps = 100 mV [Fig 8 of [81]].

The skew and kurtosis values for the four simulated devices are given in
Tab. 2.2, along with the other moments of the statistical distributions. The

values of the moments also confirm the visual observation that the SOI device

has significantly better immunity to LER-induced fluctuations.

35 nm Bulk| 45 nm Bulk| 32 nm SOI | 22 nm DG
# Simulated 25,000 1.000 1.000 1,280
Min (mV) 1594 187.3 S508.8 4277
Max (mV) 271.9 351.9 541.6 5293
Mean (mV) 231.1 2922 5283 4997
St. Dev. (mV) 12.75 2491 5.25 13.84
Skew -(L.4066 -0.3854 -0.5199 -0.9615
Kurtosis 0.2547 01121 0.1989 1.444
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Tab. 2.2 Summary of the statistical moments of the distribution of V, at
low drain in all four transistors [Table 111 of [81]].

Analysis of the simulation results of large statistical samples of a 35-nm
MOSFET subject to LER has revealed that the distribution of the threshold
voltage is asymmetrical with a negative skew, which increases with drain bias.
There is a very strong nonlinear correlation between the threshold voltage and
the average channel length of the LER transistors that very closely follows the
channel length dependence of the threshold voltage in transistors with uniform

gate edges. Increasing the channel width reduces the threshold voltage standard

deviation more slowly than ]/ \/V_V and improves the symmetry of the

distribution of threshold voltage. The asymmetry of the distribution and the
strong nonlinear correlation between the threshold voltage and the average
channel length was also confirmed in the simulation of a 42-nm physical
channel-length bulk LP MOSFET, a 32-nm channel-length thin-body SOI
MOSFET, and a 22-nm channel-length DG MOSFET [81].

2.3 Oxide thickness variation (OTV) or Surface
Roughness (SR)

In past years, the threshold voltage fluctuations induced by random
variations of oxide thickness have not received the same attention to
fluctuations induced by random doping. However, Andrei and Mayergoyz in
their analysis [30], considered in addition to the threshold voltage fluctuations
induced by variations of the dopant (RDD), even those induced by the oxide
thickness variation (OTV).
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The surface oxide was initially characterized by a Gaussian autocorrelation
function. However, measurements made more recently have shown that
fluctuations in the oxide thickness are better described by a distribution function
of exponential type [30].

Asenov et al. have studied the intrinsic threshold voltage fluctuations
introduced by local variations in oxide thickness (OTV) in decanano
MOSFETS, using three-dimensional numerical simulations on statistical scale
[12]. Si/SiO, random interface is generated by the power spectrum
corresponding to the autocorrelation function of the interface roughness. The
simulations showed that the intrinsic fluctuations of the threshold voltage

induced by OTV become significant when the device size becomes comparable
to the correlation length (A ) of the interface.
The dependence of o,, by the average oxide thickness is shown in Fig. 2.12;

in the simulations has considered only the Si/SiO; interface roughness. This
trend is related to the linear dependence between Vy, and to, resulting in a

constant variance with respect to the oxide thickness.

58



Valentina Bonfiglio
2 State of the art

30.0
T
B0 Sl
L L
— 20.0 .
E 9 9 prd V) 9
— 15.04 A =10 nm
[
= -8+ Quantum
© 1004 ~& Classical
A=2nm
. - o
5.0 g 0 - o
0.0 , | |
0.5 1 1.5 2 95
tox [nm]

Fig. 2.12 Dependence of threshold voltage standard deviation of the
average oxide thickness <t,,> for a 30 x 30 nm®> MOSFET with a random
Si/SiO, interface [Fig 6 of [12]].

The Fig. 2.13 shows the dependence of the mean threshold voltage <Vy,> vs.
<t,,> calculated from classical and quantum method, for A =10nm. For
comparison the dependence of the threshold voltage Vy, of the device with
uniform oxide thickness (tox) is plotted as a function of t,,. It is clear that the
threshold voltage <Vy,> of the device with random thickness is very close to the
corresponding threshold voltage of the MOSFET with uniform oxide. The slight
reduction of <V;> in the classic case is associated with the increase of the
current density at the boundaries between the regions of thinner oxide and

thicker region due to the effects of the intensification of the field [12].
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Fig. 2.13 Dependence of the average threshold voltage < Vy, > from the
medium thickness oxide <t,> for a 30 x 30 nm?> MOSFET with a random
Si/SiO, interface (symbols) and of the threshold voltage Vi, on the oxide
thickness to, for a similar device with uniform oxid (lines) [Fig 7 of [12]].

2.4 Combined effects

Asenov et al. carried out some 3D simulations to study the dispersion of the
intrinsic parameters, not considering only the effects individually, but also the
combined effects of RDD, LER and OTV on the fluctuations of the threshold
voltage [23].

The study of the fluctuations of the threshold voltage was done using 3D
drift-diffusion simulations (DD). The DD approximation does not capture the
effects of the non-equilibrium transport of carriers and therefore underestimates

the drain current in the ON state. However, this is adequate for the calculation
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of the threshold voltage and its variations based on the criterion of current in the
subthreshold region when the Poisson equation is decoupled from the equation
of continuity of current; the electrostatics dominates the device behavior and the
density current depends exponentially by the surface potential and its
fluctuations. Even at very short channel lengths, the quantum corrections
"Density Gradient" implemented in the simulator capture well the effects
associated with the direct source-drain tunneling, which become apparent in the
channel lengths of 10 nm, and accurately reproduces the results of simulations
of the non-equilibrium Green's function (NEGF).

In the case of RDD simulations, the generation of distribution of random
doping is based on continuous distribution of dopant obtained from the whole
simulation process of the device of reference and of the scaled device: all sites
in the lattice of silicon that covers the simulated device are controlled one by
one. The dopants are introduced randomly in sites with a probability given by
the corresponding dopant concentration ratio of silicon, using a rejection
technique. Each dopant is assigned to the eight surrounding nodes of the grid
using the cloud-in-cell technique (CIS) commonly used in Monte Carlo
simulations.

With less than 10 dopants in the region emptied of the channel of most of the
simulated devices, the resolution of each individual dopant becomes very
important. However, the resolution of individual charges in the simulations
"atomistic" using a dense grid creates problems. Due to the use of Boltzmann
statistics or Fermi-Dirac in the approach to drift-diffusion classic, the electron
concentration follows the electrostatic potential obtained from the solution of
the Poisson equation. Consequently, a significant amount of mobile charge can
be trapped (localized) in Coulomb potential wells created by discrete dopants

assigned to the dense grid. The trapped charge artificially increases the
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resistance of the source-drain regions and change the depletion layer that results
by the reduction of the threshold voltage. Another damaging effect of this
trapping of charges in classical simulations is the strong sensitivity of the
amount of charge trapped on the size of the grid.

If using a denser mesh, you get a solution to the single Coulomb potential
well and increases the amount of trapped charge.

Attempts were made to correct these problems in the "atomistic" simulations
both with the charge distribution on more grid points and with the
decomposition of the Coulomb potential in the short-and long-range
components, based on considerations of screening. The charge-smearing
approach is however purely empirical and may result in a loss of resolution on
the effects of "atomistic" scale. The splitting of the Coulomb potential in the
short and long range components suffers from some disadvantages including the
arbitrary choice of cutoff parameters and for double counting of the potential of
screening of the mobile charge.

Typically the approach adopted in the "atomistic" DD simulations is the DG
approximation. Typically, for example, in the DG simulations of n-channel
MOSFETSs, this is enough to solve the Poisson equation self-consistent, the
current continuity equation for electrons and the equation of state for electrons

written in approximation DG.

viyn _
=

2b, 6 — ¥+ "Ziln (2) 2.1)

i

whereb, = 7/‘12/12qmn " This takes care of the quantization of the electrons

in the Coulomb potential well associated with the donors and it remedies at the
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problems associated with the trapping of electrons in the source-drain regions
doped atomistically. In order to avoid the trapping of holes in the substrate non
depletion atomistically doped, is added to the DG equation of state of the holes,
but without solving the equation of continuity of the current for the holes.

2b Tf v g, + 5L n (2) 2.2)

This modified system of equations is solved self-consistently by using
Gummel iterations, solving first the Poisson equation together with the modified
equations of state for electrons and holes, and substituting this result into the
continuity equation of the current in the form of a quantum potential correction.

The allocation of dopants in the "atomistic" simulations and the strong
variation of the electric field around the individual discrete dopants make the
direct use of traditional models of the concentration and of the mobility field-
dependent unfeasible in RDD simulations. To obtain reasonable values of
mobility in the simulations, they adopted the following approach. The mobility
of the simulation of a MOSFET with a constant doping profile is mapped and
stored for relevant combinations of gate and drain voltages. In atomistic
simulations for a particular set of applied voltages, the corresponding mobility
map from simulations of continuous doping is loaded and used in the atomistic
devices. This approach is good enough when one estimates the changes in
threshold voltage, which are virtually independent of mobility, but may be less
appropriate for simulations of the variation of the current.

The line edge roughness is introduced in the simulations using a method
based on one-dimensional Fourier synthesis, which generates random gate

edges of a power spectrum corresponding to the Gaussian autocorrelation
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function. The parameters are the correlation length A and the rms amplitude A.
Similarly, the generation of the random interface that determines the OTV is
also based on the Fourier synthesis, first used to generate a surface two-
dimensional (2D) randomly from a power spectrum corresponding to the
exponential autocorrelation function. This random surface is then generated and
then quantized at the Si/SiO; interface in steps with a height equal to the atomic
spacing.

The reference 35-nm MOSFET has a complex doping profile characterized
by a retrograde doped with indium in the channel and source-drain pockets. The
continuous doping profile was been obtained from a simulation process
carefully calibrated using Taurus Process.

From the dopant concentration profile shown in Fig. 2.14 we can see that the
very low concentration of dopant is beneficial not only to avoid the reduction of
mobility, but also to reduce the RDD which induces fluctuations of the
threshold voltage.

The Glasgow atomistic simulator was carefully calibrated in accordance with
the measured characteristics of the device, using a constant doping profile in the
simulations.

The comparison of the experimental and simulated Ip-V characteristics can be

detected a good deal.
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Fig. 2.14 Doping profiles of the one-dimensional channel of the
MOSFET calibrated at 35 nm and of the scaled devices with gate length of
25,18, 13, 9 nm [Fig 3 of [23]].

The reduction in size is based on the generalized scaling rules and it follow
closely the "guide" of the ITRS in terms of equivalent oxide thickness (EOT),
junction depths, doping and supply voltage. The intention is also to preserve the
main characteristics of the 35-nm reference MOSFET and, in particular, to
maintain as low as possible the concentration of dopant in the channel at the
interface.

Samples of 200 microscopically different square gate devices are been
simulated for each channel length and for each source of fluctuations in the
intrinsic parameters in order to extract the mean and standard deviation of the

threshold voltage. Fig. 2.15 summarizes the channel length as a function of the

standard deviation of threshold voltage o, and the lowering of the threshold

voltage AV, associated with RDD.
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Fig. 2.15 Standard deviation of the threshold voltage and shift of the
threshold voltage for transistors with gate lengths of 35 -, 25 -, 18 -, 13 -,
and 9-nm due to the RDD [Fig 5 of [23]].

In the same figure we show the standard deviation of the threshold voltage

obtained using the empirical expression for o, based on 3D statistical

simulations of idealized MOSFET with uniform doping profile of the channel
and compensated to take into account the quantization in the inversion layer.

The standard deviation of the threshold voltage is approximated by:

_ -8 (t0x+2050x/55i)NA0'4
oVip = 3.9x10 T Wl (2.3)

where z, is the center of the inversion layer charge. The expression is
coincident with the results obtained from numerical simulations.
The LER simulations can follow two scenarios. In the first scenario, shown

below, LER = 3A =4 nm was used for all channel lengths that represent the
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current state of lithography and following the assumption that scaling of the
LER is a very difficult task due to the molecular structure of photoresist. In this
case the relative standard deviation of the LER, which is initially lower than that
of the RDD, exceeds it at the channel length of 18 nm and reaches the absurdity
of almost 400 mV to 9 nm. This is complemented by the reduction of the
threshold voltage approximately at 100 mV. In the second scenario, the LER
follows the prescribed values of the ITRS 2003 of 1.2, 1.0, 0.75 and 0.5 nm for
the technology node to 65 -, 45 -, 32 - and 22-nm, respectively. In this case, the
threshold voltage corresponding fluctuations are better controlled, reaching
approximately 35 mV at the channel length of 9-nm, and the reduction of the
threshold voltage is negligible.

When the oxide thickness is reduced to a few atomic layers of silicon, the
interface roughness on the atomic scale requires significant changes in the oxide
thickness (OTV) in the gate region of a single MOSFET. As done for the
simulations that take into account the effects of random fluctuations of dopants
[61], the effects of local fluctuations in the oxide thickness, require three-
dimensional statistical simulations of samples of MOSFETs with identical
design parameters but with different profiles of the oxide thickness at the
microscopic level.

The results were obtained using a three-dimensional hierarchical drift-
diffusion simulator, originally designed to study the effects of random dopant
fluctuations.

In most simulations they used a constant doping profile, rather than a
discrete random doping, in order to isolate the effects of fluctuations of the
threshold voltage associated with the OTV. The requirements for statistical
analysis and interpretation of results transforms a 1D problem in a 4D problem,

where the fourth dimension is the measure of the statistical sample of devices
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with identical design parameters but different profiles of the interface of the
thickness oxide at the microscopic level. Statistical samples of MOSFETSs have

been simulated and analyzed, merely considering low drain voltages.

It is possible to plot the standard deviation of threshold voltage and the shift

due to the OTV for transistors with different gate lengths (Fig. 2.16).
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Fig. 2.16 Threshold-voltage standard deviation and threshold-voltage
shift for 35-, 25-, 18-, 13-, and 9-nm gate-length transistors due to LER,
assuming the values of LER prescribed by the ITRS and using A = 30 nm.
[Fig 7 of [23]].

To test the statistical interactions of the various sources of intrinsic
parameter fluctuations in MOSFETSs for the 35 nm reference, the combinations
LER, OTV and LER with OTV have been simulated (Tab. 2.3).

In this case the different sources of intrinsic parameter fluctuations are
virtually statistically independent, and standard deviation of the threshold
voltage resulting from the combined action of different sources of intrinsic

parameter fluctuations can be approximated as:
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oVr = \/thhlz + O'Vthzz + -+ thhnz (2.4)

where oV,,0V,,,...,0V,,,, are the standard deviations of the threshold

voltage obtained from independent simulations of each source of intrinsic
parameter fluctuations. The result of the combined effects of RDD, LER and
OTV in the 35 nm MOSFET is gy,, = 40 mV.

Fluctuation v, oV, Calc. oV,
RDD 133 mVv 332mv -
LER 126 mV 19.0 mV -
OoTVv 122 mV 1.8 mV -

RDD & LER 126 mV 38.7mV 382mV
RDD & OTV 123 mV 33.9mV 33.3mV
LER & OTV 113 mV 22.8mV 19.1 mV

Tab. 2.3 Standard deviation of the threshold voltage for the 35 x 35 nm
MOSFET caused by single and combined sources of intrinsic parameter
fluctuations, compared with the theoretical values [Table 11 of [23]].

It is difficult to compare the simulation results presented in [23] with
experimental data for a variety of reasons. The first reliable data on the
fluctuations of the parameters can be obtained only for mature technologies that
have been fine-tuned in terms of mass production. Even in this case, it is

difficult to separate the fluctuations of the intrinsic parameters from the
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fluctuations of the extrinsic parameters associated with the process variations
and the corresponding size, thickness and variations of the dopant.

When the special test structures are used to access only to the fluctuations of
the intrinsic parameters, it is impossible to separate the individual contributions

of different sources of intrinsic parameter fluctuations.

In Tab. 2.4 are compared the resulting o, with the combined action of
RDD, LER and OTV with published data. In any case, in order to scale the data

for transistors square 35 x 35 nm, it was assumed that o, oc ]/ VLW .

Source oV, mV Comment
Combining RDD, LER, and OTV 40 Simulation
H. Fukutome, ef al. [39] 49 40 nm MOSFETs
F. Amaud, et al. [40] 63 65 nm technology node

Tab. 2.4 Comparison of the standard deviation of the simulated
threshold voltage of 35x35nm MOSFET induced by the combined
presence of RDD, LER and OTV [Table 111 of [23]].

In both cases the experimental results are very close but slightly higher than
the results of the simulations. The reasons for this may be related to differences
in technology, fluctuations in the contribution of extrinsic parameters of the
measurements, as well as the omission of the intrinsic fluctuations of the
parameters associated with grain boundaries of polysilicon in the simulations.

Recently, Reid et al, using full-scale 3-D simulations of 100000 devices,
have studied in detail statistical threshold voltage variability in a state-of-the-art

n-channel MOSFET introduced by the combined effect of random-discrete
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dopants (RDD) and line edge roughness (LER) and they have demonstrated that
the resulting distribution is non-normal [86].

~
Rk

‘

(b)

Fig. 2.17 Electron concentration in two example devices showing the
impact of (a) random dopants and (b) LER [Fig. 1 of [86]].

The simulated 35-nm gate length n-channel MOSFET (based on a device
originally published by Toshiba) has a complex doping profile. The simulated
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MOSFET is identical to the one used in their previous individual studies of
random dopant and LER effects to allow a fair comparison between the souces
of variability and with our previously published results.

To examine the combined impact of RDD and LER on transistor variability,
they have performed simulations of 100000 microscopically different devices,
in which both RDD and LER are present, which allows the distribution of Vy,
due to their combined effects to be accurately characterized up to the higher
moments required to determine the degree of normality of the statistical
distribution.

Numerical values for the moments of the Vy, variations introduced by RDD
and LER both in isolation and in combination are given in Tab. 2.5. Errors are
obtained by bootstrapping, which is a technique for estimating the variation in a

statistic by resampling with replacement [88].

Statistic RDD LER RDD+LER
# of Simulations (LR 25000 Ok W
Minimum (mV) 2715 | 1594252 | T75.3526.6
Maximum (my) 370523 | 271.942.00 3840257
Mean (mV) 22594001 | 2311401 | 225.620.1
St Dev. (mV) 0284007 | 122750006 | 33.08+0.07
Skewness 001 39200008 [ 0040720002 [0.062 30,008
Kurtosis 004860 02 02550006 | 0.0527=0.02

Tab. 2.5 Summary of the statistical moments and standard errors of the
data for the combined RDD and LER simulations at Vps =100 mV. The
standard errors are obtained by bootstrapping the simulation data [Table I
of [86]].
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They have demonstrated that the distribution due to combined RDD and
LER can accurately be reproduced using the statistically enhanced approaches,
it is possible to characterize the combined effects of random dopants and LER
on the threshold voltage and benefit from the reduced computational time
needed to individually characterize the two sources by applying the developed
computationally efficient statistical enhancement strategies.

The effects of random dopants can accurately be characterized from the
simulation of the order of 1000 devices. Similarly, LER can be characterized by
simulating a small number of devices, e.g., 20, with uniform gate edges and
different channel lengths. This way, a complete characterization of the effects of
RDD and LER, both in isolation and in combination, can be achieved at the
expense of =5000 CPU hours of simulation, compared to approximately
300000 CPU hours to perform the complete low-drain brute-force

characterization of the 35-nm transistor.
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3 Analysis of the threshold voltage
dispersion in different MOSFET

structures

We propose an approach to evaluate the effect on the threshold voltage
dispersion of nanoscale MOSFETSs of line edge roughness, surface roughness,
and random dopant distribution [89]. The methodology is fully based on
parameter sensitivity analysis, performed by means of a limited number of
TCAD simulations or analytical modeling. We apply it to different nanoscale
transistor structures: a 32 nm ultra-thin body SOI MOSFET and a 22 nm
double-gate MOSFET adopted within the EC PULLNANO project as template
devices, and one bulk 45 nm NMOSFET within the project MODERN reported
[83]. The 32 nm and 22 nm templates are shown in

Fig. 3.1(details can be found in [90]), whereas the 45nm template is
illustrated in [83]. The choice of the template devices is due to the availability
of data from statistical atomistic simulations on the very same templates [4],
[83], which enables us to compare results obtained with our proposed approach.

Moreover we have used this method to analyze the main causes of intrinsic
threshold voltage dispersion in the 32/28 nm CMOS process developed by STM
for MODERN WRP2 project reported in [91]]. The investigation has been
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focused on minimum size RVT transistors (NMOS and PMOS) i.e. a 30 nm n-
channel RVT MOSFET and a 30 nm p-channel RVT MOSFET, and in
particular on the effect of random dopants and line edge roughness.

In all cases our approach is capable to reproduce with very good accuracy
the results obtained through 3D atomistic statistical simulations at a small
computational cost. We believe the proposed approach can be a powerful tool to
understand the role of the main variability sources and to explore the device

design parameter space.

Template 32 nm Template 22 nm
1on ~10 nm
o
50 nm S 10nm 40 nm
poly| &, esre— >
©® . .
10 nm | ITiN Si 110 nm 1 1nm dleletc(,)t;c
2 Si  tg—7nm f— :
S tox = Si
o 5 thox=20 nm ts=10 nm
= m
| 71 an dielectric
[ -
Si 50 nm
A8 3
NBULK—IO cm

Fig. 3.1 Template structures for the 32 nm UTB SOl MOSFET (left)
and the 22 nm double-gate MOSFET (right). The device is symmetrical.
Doping profiles for source and drain are described in [90]. The effective
oxide thickness t, is 1.2 nm for the 32 nm template and 1.1 nm for the
22 nm template.
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Fig. 3.2 Template 45 nm from [83].
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Fig. 3.3 Doping profiles of 30 nm RVT NMOS (a) and PMOS (b) as
obtained by STM after calibration with electrical characteristics.
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3.1 Methodology

The approach we propose requires the identification of the relevant
guantities that translate process variability into the dispersion of electrical
parameters. It involves the following three steps:

First, we need to express all process and geometry variability sources in
terms of a set of synthetic parameters.

Then, we need to identify the independent parameters.

Finally, we use sensitivity analysis to evaluate the contribution to the
dispersion of electrical parameters (e.g. the threshold voltage Vy) of each
independent source. This step is based on the assumption that the effect of each
source is sufficiently small that first-order linearization is applicable. In the
literature non linear and cross terms have been explicitly evaluated, for example
through statistical simulations on 35 nm MOSFETs [23]: the variance of the
threshold voltage due to combined effect has been shown to be equal to the sum
of the variances due to individual effects, giving us confidence in the linear

approximation.

3.2 Variability due to line edge roughness and surface

roughness

As an example, let us consider the 32 nm device shown in Fig. 3.4, where

the y axis runs along the channel length direction, the x axis is is perpendicular

to the device plane and the z axis runs along the channel width.

78



Valentina Bonfiglio
3 Analysis of the threshold voltage dispersion in different MOSFET structures

We can translate line edge roughness in terms of the dispersion of the
average position of both gate edges along the y axis (y=0+y, and
y=L+Y,), asillustrated in Fig. 3.4a. This in turn translates into gate length

dispersion. In practice the two rough edges are not completely independent, but
here for simplicity we can assume they are. Surface roughness is translated into

the dispersion of the average position of the interface between adjacent layers:

the offsets are X;, X,, X; in Fig. 3.4b.

a) A= 1) Gate
et AN AL NRA A £

=
[ Silicon Body
,f Loty T3
=

7!

BOX z
P
: —

Fig. 3.4 a) top view of the active area highlighting the gate LER; b)
layered structure highlighting the interface roughness between adjacent
layers in the 32 nm template. y-axis runs along the channel length
direction, x-axis is perpendicular to the device plane and the z axis runs
along the channel width.

We assume that parameters Y,,Y,, X, X,, X; are only affected by LER and

SR and are physically independent. We start by considering the effect of the
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offset of the position between two adjacent Si-SiO, layers(X;,i =1,2,3). The

first step is to evaluate the variance o-fi of X;. In the case of the ultra-thin body

SOl MOSFET we should consider the fluctuations present in the bottom
interface of the buried oxide, but these are practically irrelevant for our
calculation.

Interface roughness leads to a deviation from the nominal position of the
interface between two layers that we can describe statistically as a random

function f(y,z) with zero mean value and exponential autocorrelation
r(y,,2,,Y,.2,)=< f(y,,z)f(y,,2,)>, characterized by mean square

amplitude A and correlation length Ay .

VO, -y, ) +(z,-2,) |

Asg

r(yl,zl,y2,22)=A25 eXp| — (3.1)

The average position of the interface f fora given occurrence of a rough

interface is:

:—Idyjdzf yz (3.2)

 has zero mean value and variance given by:

) —> 1 L w L w
=< f >=Wjdylj‘dzljdy2.|'dz2 < f(y,,z)f(y,.2,)>,
o o 0o 0 (3.3)
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which, using (3.1) can be written as:

VIZ4w?

27N -
o, =0, =0, =0g= C[WS Ny-e ™ AS(AS+\/L2 +W2).
(3.4)

where X, X,,X; in (3.4) are the average position of interfaces between
adjacent layers, as indicated in Fig. 3.4.

In the common case LW >> A, Eq. (3.4) reduces to

27N5 A’
2 S—S
Op =—————. 35
SR LW (3.5)
If instead we consider a Gaussian autocorrelation, as in [4], [83], expressed
as

X, =% ) +(y, -y, )
r(xl,yl,xz,yz)=Aéexp(—(2 ) (zyz %) ] (3.6)
2A ¢

Replacing (3.6) in (3.3), we find

2 2ANGAY| L 2 ﬁ_ ) w 2 ZWT_
O _LZWZ{L erf[ﬁAS]+\/;As[e 1” {Werf[ﬁ/\sjﬂ/;As[e 1” (3 7)
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which again reduces to (3.5) if LW >>Aq.

We can express the variation of the threshold voltage in terms of thickness
variations of different layers, and then consider as independent physical

quantities only X;, X,, X, :

dv, = My dt,, + Ny dtg, + Ny dt oy

81:ox Si BOX (3 8)
dv, = aV—”‘(dxz —dx, )+ aV—”‘(dx3 —dx, )— N (—dx,).

Oty A BOX

Then, using linearization and the hypothesis of independence of the different
parameters, we can write:

2 2 2
V V. V
G\f SR = ' O'x21+ Wy (752 + Wy (753- (3.9)
" oX, OX, OXq

The partial derivatives can be expressed as:

A B oVy,

X, ot

oV, _ oV, B oV, (3.10)
aX2 atox atSi ,

A
6X3 6t8i 8tBOX .
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As far as LER is concerned, we assume that the average edge position is a

random function g(z) with zero mean value and an exponential autocorrelation

function r(d)s< g(z)g(z + d) > characterized by correlation length A and

mean square amplitude A .

r(d)=a2e (3.11)
from which we can write
) —2 1% e
ol =<g >=<wf9(21)d21 -Ig(zzﬁz2 >, (3.12)
0 0
Therefore we find:

2
o =t =0t = 2 1 Pefi-em (WA 13

where Y,, Y, in Eq. 13 are the average gate edges indicated in Fig. 3.4.

If instead we consider function Gaussian autocorrelation,

r(d)=ale
(3.14)

Solving the integral (3.12), we find:
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202 A v
Ol =—5| A e -1 +\/2Werf L (3.15)
w 2 J2A,

The variance of V,, due to line edge roughness is:

2 2 2
oV oV oV,
G\ihLER 2[ 8yth) Gi 4{ aythj 0-52 = 2[ alihj O-EER' (3.16)
1 2

All required derivatives can be computed with TCAD simulations or — if the

device structure is simple enough - with an appropriate analytical model.

As can be seen, if proper independent parameters are identified, the
evaluation of the dispersion of the threshold voltage only requires the
computation of a limited number of derivatives, each obtainable from a single
device simulation. Even using derivatives obtained from TCAD, the
computational cost of the procedure is extremely reduced with respect to a
statistical simulation. The price to pay is the initial analysis of variability
sources and the consequent assumptions.

The threshold voltage of the 32 nm template MOSFET as a function of gate
length is plotted in Fig. 3.5, where it is compared with results from the
analytical model presented in the Appendix. Vg is defined as the Vgg

corresponding the current of 10° A/um as in [4]. The agreement is very good.
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Template 32 nm
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Fig. 3.5 Threshold voltage as a function of L from analytical model and
TCAD (a) and analytical partial derivatives of Vy, (b) of the 32 nm template

MOSFET.

In Fig. 3.6 we show the same comparison for the 22 nm template device.
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Fig. 3.6 Threshold voltage as a function of L from analytical model and
TCAD (a) and analytical partial derivatives of Vy, (b) for the 22 nm
template MOSFET.
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The dependence on gate length of the threshold voltage of the 45 nm
MOSFET is shown in Fig. 3.7 for Vps =50 mV and Vps= 1.1 V. In the latter
case there is no analytical model, because the doping profiles for different
lengths are directly obtained from process simulations and cannot be described
by a simple expression.

Template 45nm
0.30 -
| o -
0.25 |- ./ \
s L oo ]
= / I——
=" 0.20 - .
[ /
g °
= 015
S [
>
et L)
B 010 - ( —m— Vth (Vds=50mV)
é - J —@— Vith (Vds=1.1V)
= o005 H
= L .
0.00 . 1 . 1 . 1 . L . 1
0 50 100 150 200 250

L (nm)

Fig. 3.7 Threshold voltage as a function of L for the 45 nm template
MOSFET, for two different values of Vpg.

Now we can use Eg. (3.9) and (3.16) to compute the variance of Vy, due to
LER and to SR, and to compare our results with those obtained with atomistic
statistical simulations in [4], [83].

For the sake of comparison, we assume as in [4] for all rough interfaces a

Gaussian autocorrelation function with mean square amplitude Ag =0.15 nm

and correlation length A =1.8 nm, which are close to values observed from

TEM measurements [92]. For LER, we assume a Gaussian autocorrelation
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function with A, =1.3 nm, A =25 nm for 32 nm and 22 nm templates and,
as in [83]; we assume a Gaussian autocorrelation function with A, =1.3 nm
and A, =30 nm for 45 nm template.

Results are shown in Tab. 3.1. The columns An and TCAD indicate results
from our approach where the partial derivatives of Vy, are computed analytically
(as described in the Appendix) or with TCAD [93], respectively. The column
Stat. Sim. indicates results reported in [4], [83]. As can be seen the agreement,
for the LER data, is always extremely good. Very good agreement is obtained
between columns An and TCAD, for the effect of SR, for which data from [4]

are not available.
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Approach

VDS =50 mV

Stat.Sim
[4], [83]

ovin LER (mV) 3.36 3.45 3.3
ovin SR (MV) 0.32 0.38 N/A

An. TCAD

ovin LER (mV) 6.7 6.2 5.8
ovin SR (MV) 2.07 2.03 N/A

ovin LER (mV)

Vps =1V Approach

(32nm;

22nm), Stat.Sim.
' [4], [83]

1.1V (45nm)

ovinLER (MV) 9.25 9.47 8.6
cvinSR  (MmV) 0.94 0.85 N/A
ovnLER (mV) 15.8 15 13
cvin SR (MV) 6.1 6.26 N/A
ovin LER (mV) - 22 25

Tab. 3.1 Standard deviation of the threshold voltage due to LER and SR
for the 32 nm and 22 nm template MOSFETS, and to LER for the 45 nm

MOSFET, obtained with different methods.

For the other 30 nm template, assuming reasonable values for the two

parameters, such as A, =30 nm and 3A_ =4 nm, results for W =L =30nm

RVT MOSFETs are shown in. Results have been obtained using three device

structures with slightly different gate lengths (28, 30, and 32 nm), very useful

for computing the derivatives of threshold voltage with respect to gate length.
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With the parameters considered, also for the shortest gate length considered,
the contribution of LER to threshold voltage variability is much smaller than
that due to random dopants. For example for Vpg =1V in the case of the
NMOS, the presence of LER increases the standard deviation of Vy, by 13%
with respect to the value due to only random dopants.

Given that in planar CMOS process gate length scaling is always
accompanied by an increase of channel doping, it is very likely that LER will
always have a minor effect on threshold voltage variability with respect to
random dopants. It can become dominant for multiple gate or ultra thin body
solutions, where channel doping might be significantly reduced.

RVT NMOS 30 nm
Our approach [89] Stat. Sim. [91]
ovin LER (mV) 13 12.7

ovin LER (MV) 25 24.9

RVT PMOS 30 nm

Our approach Stat. Sim. [91]

ovaLER (MV) 10 12.8

ovin LER (MV) 29 33.3

Tab. 3.2 Standard deviation of the threshold voltage due to LER for the
RVT 30 nm obtained with different methods.
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3.3 Effect of random dopant distribution

In the case of random dopant distribution, the source of threshold voltage
dispersion is the fluctuation of the dopant distribution in the active area. What
matters is not only the total number of dopants in the active area, but also their
position. In any case, it is pretty intuitive that we do not need to know with
atomistic precision the effect of dopant distribution on the threshold voltage.

First, we can acknowledge that the mechanism is mainly governed by
electrostatics, therefore impurity position along the width direction is of minor
relevance. This allows us to simplify our analysis considering only 2D device
structures. Indeed, statistical simulations with random dopants typically yield a
family of parallel transfer characteristics, corresponding to threshold voltage
dispersion independent of the inversion level in the channel. This means that
percolation is hardly effective, since it should strongly depend on the Debye
length and therefore on the mobile charge density in the channel. An ex-post
verification of this assumption will be provided by comparing our results with
3D statistical simulations

Moreover, we can assume that the effects of fluctuations of the number of

dopants in different regions are small enough to add up linearly. For a given
variation of dopant distribution AN , (X, Y, z) with respect to the nominal value

we can write the following expression for the variation of Vy,:

AV, = j K(x, y)AN ,(x, y, z)dxdydz, (3.17)
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where K(x,y) has the role of a propagator, or Green's function [94]. The
expression requires the linearity assumption to hold. Let us notice that we are
neglecting the dependence of K on z according to the hypothesis above.

To conveniently compute the propagator K, we can assume that K is a
smooth function of X and Yy, and move from the continuum to a discrete space,

partitioning the active area in small rectangular boxes, as shown in Fig. 3.8a.

Now we can write:

AV, = ZAVthi = Z K,AN, (3.18)

The sum runs over all boxes, AN; is the variation of the number of dopants
in box i, and AV, is the threshold voltage variation if only dopants in box i
are varied.

In practice, we multiply doping in box i by a factor (1+ a)and compute

AV with TCAD simulations. Therefore we have

AN; = aN;

3.19
AV, = aKN, (3.19)

so that (3.18) becomes,

AV, = Z(ﬂ} = Z(ﬂJAN—M (3.20)

i o i (24 i
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We know need another reasonable assumption: doping variations in different
boxes are independent Poissonian processes. Therefore from (3.20) we can

write

AVy,

i (24

2 2
oy, [
j N2 = zo-\ihRDD (3.21)
i i

2 _
Ov,roD = Z(

Since N; is a Poisson process is N, = o, we finally have

AV, Y 1 il
O-\ihRDD = Z(;] N_ = Za\meDD (3.22)

i o

The threshold voltage dispersion due to RDD only requires a single TCAD
simulation for each box, and an integral of the doping profile in each box. Box
partitioning is shown in Fig. 3.8a and covers a region smaller than the whole
active area, because one can easily check that far from the channel the impact of
doping fluctuations on Vy, rapidly goes to zero.

To evaluate the granularity of partition required to obtain reasonably
accurate results we have used different partitions for the 45 nm MOSFET,
shown in Fig. 3.8 : 10x1 (a), 10x2 (b), 10x5 (c), 20x10 (d), 40x20 (e). The table
in the inset of Fig. 3.8 shows the standard deviation of the threshold voltage
obtained for Vps =50 mV and Vps=1.1V. If the device is symmetric with
respect to a source-drain swap, for low Vps we can reduce to half the number of

simulations required, since also the propagator is symmetric.
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L by L

I T30mmm Taomm

d)
[30nm
60nm 60nm
€) L
-«
oVth | Vds=50mV| Vds=1.1V
a (10x1) 36 mV 40 mV
b(10x2) | 43mV | 46mV
~[30nm [ (10x5) | 45mV | 47mV
o d(20x10)| 47 mV 50 mV
e (40x20)| 48 mV 51 mV

Fig. 3.8 Different partitions used to evaluate the variance of the
threshold voltage for the 45 nm MOSFET: 10x1 boxes (a), 10x2 (b), 10x5
(c), 20x10 (d), 40x20 (e). In the inset: table with results of 6\, due to RDD
for the 45 nm template and comparison with atomistic simulations.

Results show that only few simulations (in case Fig. 3.8b 20 for high V ,

or 10 for low V) are sufficient to obtain reasonably accurate results. Very

accurate results can be obtained in case Fig. 3.8d with a factor 10 more

simulations. In Tab. 3.3 results for the three template devices are compared with
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results from statistical simulations [4], [83] for two different values of
Vps: 50 mV, which corresponds to quasi equilibrium, and 1.1V, which
corresponds to far from equilibrium transport. In all cases - except the 32 nm
device which posed convergence problems upon the application of the method -
the agreement is rather good.

45 nm
Our approach [89] Stat. Sim. [83]
ovin RDD (MmV) 47 44
Gy, RDD (mV) 50 50
22 nm
Our approach [89]  Stat. Sim. [4]
ovsRDD  (MV) 6.6 6.4
ovnRDD  (mV) 7.9 8.1
32 nm
Our approach [89]  Stat. Sim. [4]
ovin RDD (mV) 7.4 5.3
oy RDD  (MV) 11 6.1

Tab. 3.3 Standard deviation of the threshold voltage due to RDD for the
45 nm, 32 nm and 22 nm template MOSFETSs.

Such investigation is particularly interesting because if we plot the
individual region contributions Géhmom on a 2D plot, we can understand which

part of the device region contributes the most to the threshold voltage

dispersion.
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In Fig. 3.9, we show the doping profiles of the 30 nm RVT NMOS and
PMOS. Doping profiles have been calibrated by partner STMicroelectronics on
the basis of device characteristics.

a)

-0.02

0.02
X(um)

0.04

0.06

0.08

0.1

1]

Y(um) Y (um)

Fig. 3.9 Doping profiles of 32 nm RVT NMOS (a) and PMOS (b) as
obtained by STM after calibration with electrical characteristics.

In Fig. 3.10, on the same coordinates, we show a color map of a;hRDD[” for

the two devices in the linear region (|Vpg| = 50 mV). We limit our consideration
to boron doping in the NMOS and phosphorus doping for the PMOS. The effect
of other impurity profiles on the threshold voltage variation is negligible.

As can be seen in Fig. 3.10, basically all contribution comes from a region
smaller than 10 nanometers in the central part of the channel and within few
nanometers from the silicon-dielectric interface. This is a significant
observation, not known a priori, since doping is pretty high in the whole device

region.
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Fig. 3.10 Colour map of the local contribution to the variance of the
threshold voltage indicated with 6%mropl as a function of position: a)
effect of boron doping for the 30 nm RVT NMOS for Vg = 50 mV, b) effect
of phcz)sphorus doping for the 30 nm RVT PMOS for Vpg = - 50 mv. Units
are V-.

Similar observations can be drawn fron Fig. 3.11, which shows the colorplot

of the same partial contributions to the variance of the threshold voltage

O'\meDD['] for the same two devices but in saturation (|[Vps| =1 V). As can be

seen also in Tab. 3.4, the standard deviation of the threshold voltage slightly
increases in saturation, but contribution comes from a smaller region, closer to
the interface and to the center of the channel. Indeed, the curvature of the
potential is larger for larger drain-to-source voltage; therefore the region close
to the conduction barrier edge peak in the channel has a higher relative
importance. This observation explains both the increase of the threshold voltage
variability and the relative larger weight of the central region. In [91], results for
the standard deviation of the threshold voltage obtained from sensitivity
analysis have been demonstrated to be consistent with those obtained from

statistical atomistic simulations.
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Fig. 3.11 Colour map of the local contributions to the variance of the
threshold voltage indicated with 6%/mropl as a function of position: a)
effect of boron doping for the 30 nm RVT NMOS for Vg = 1V, b) effect of
pf;osphorus doping for the 30 nm RVT PMOS for Vpg = - 1 V. Units are
Ve

RVT NMOS 30 nm

Our approach [89] Stat. Sim.[91]
ovin RDD (MV) 43 44.4
ovin RDD (MV) 48 49.8

RVT PMQOS 30 nm
Our approach [89] Stat. Sim. [91]

oveRDD (MV) 46 42.3

Gvin RDD (MV) 58 24.4

Tab. 3.4 Standard variation of the threshold voltage due to random
dopants for minimum feature size (W=30) 32/28 nm CMOS STM process
obtained with different methods.
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The partial contributions to the variance of the threshold voltage indicated

with cr\meDD['] are plotted as a function of positions in the color maps in Fig.

3.12, for the three template devices. In Fig. 3.12a the effect of the acceptor
doping of the 45 nm MOSFET is shown, whereas in Fig. 3.12b and Fig. 3.12¢c
the effect of the donor doping of the contacts of the 32 nm and 22 nm templates
are shown, respectively. In all cases, it is pretty clear that a limited part of the
active area has a practical impact on threshold voltage dispersion.

The total variance of the threshold voltage is computed by summing the
variances due to all independent physical effects.

2 _ 2 2 2
Oy,tor = Oy,rop T Oy, 1er T Oy, sR (3.23)

As mentioned previously the cross terms are negligible even when they are
considered. An ex-post evaluation of results obtained with 3D atomistic
statistical simulations of separate and combined variability sources (for example

[4]) confirms such assumption.
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Fig. 3.12 Colour maps of the partial contributions to the variance of the
threshold voltage indicated with 6%/mrop as a function of position: (a)
effect of acceptor doping of the 45 nm MOSFET; (b) effect of donor doping
of the 32 nm MOSFET, (c) effect of the donor doping of the 22 nm
MOSFET.

3.4 Conclusions

We have proposed a methodology for the quantitative evaluation of the
effect of line edge roughness, surface roughness, and random dopant
distribution, that is based on the careful analysis of the main independent
physical parameters affecting threshold voltage variability. The approach
requires the calculation of partial derivatives of Vg with respect to device
structure parameters that can be obtained with a limited number of two-
dimensional TCAD simulations or — for simple doping profiles — with analytical
models. We have shown that in all cases we are able to obtain results in very
good agreement with 3D atomistic statistical simulations [4], [83].

Let us stress the fact that one of the main tenets of our approach is that 3D
properties have no specific effect on the threshold voltage of MOSFETSs for
logic. Device width - as we have seen - has only an effect in determining the
variance of the average doping, gate edge, or interface position. Such
approximation is based on the assumption that MOSFET behavior is governed
mainly by electrostatics. The best validation of our approximation is the very
good agreement between results from statistical simulations (based on 3D
modeling) and our sensitivity approach (based on 2D modeling) for all device
structures considered. We qualify this statement to the threshold voltage of
MOSFETs for logic, because when quantities are associated to deep

subthreshold bias, as for example in the case of the threshold voltage of non-
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volatile memories or the off current of MOSFETS, peculiar 3D effects such as
percolation might play a significant role. In addition, our approach in the
present form cannot provide information on the far tails of the distribution,
which might be particularly important for evaluating device/circuit yield, and
would require extension to higher order terms.

We believe that our approach has multiple advantages over statistical
modeling, obviously in terms of computational requirements (by several orders
of magnitude), but also in terms of providing a good framework for

understanding the physical relevant effects affecting device variability and in
the possibility of providing a quick way to evaluate V,, variability of candidate

devices.

The main advantages of statistical simulation, on the other hand, are that it
does not require preliminary device analysis and assumptions, and that it would
work even when the linear approximation does not hold, for example in the
presence of very large and critical variability. We firmly believe that the method
presented here is a powerful tool to quickly evaluate variability of device
parameters in the context of technology developments, using simulations tools
already available and routinely used by CMOS technology developers. It also
provides a better understanding of the effect of single physical parameters on
the overall device behaviour, and can therefore be a useful guide for device

design.
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3.5 Appendix: Analytical model for the dependence of
threshold voltage on gate length.

The analytical model for the threshold voltage of ultrathin body SOI and

double gate MOSFETS is obtained from a simple derivation of surface potential
profile ¢ (y) at the interface between the silicon body and the gate dielectric.

We devise a simple extension of Liu’s approach [95] along the lines proposed in
[96]. Let us consider, for example, Fig. 3.13, in which an ultrathin body SOI
MOSFET is considered. We assume that the channel can be divided in three
regions: the central undoped region under the gate, and two external highly

doped source and drain regions where the influence of the gate voltage is

negligible.
Gate
Source Drain
ts
‘ p
_ BOX =< Vis TPbi
.ET(D B dy :
= bi | L
B T T LI
e o-wg 0 y L L+tw,

Fig. 3.13 Hlustration of the method derived from [94] to obtain an
analytical expression of the surface potential profile.

In the external regions (Y <0Oand y > L) we assume complete depletion,

and therefore a parabolic potential profile given by
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d?¢ N
> =0, (3.24)

dy &s

where ( is the electron charge, N, the average doping in the source and
drain regions, and &g; is silicon dielectric permittivity. In the central region
(0<y <L) we use Gauss' theorem to write that the electric field flux through

the surface of a slice of thickness dy (shown in Fig. 3.13) is zero [90], [93].

This allows us to write

tsi dEs (y) N Eox Vas —Ves — s (y) -0 (3.25)
n dy gSi tox ,

where Eg (y) is the lateral surface electric field, ¢S(y)is the channel
potential at the SiO, interface, £, is the oxide electric permittivity, V, is the

flatband voltage, V4 is the gate-to-source voltage. 7 is a fitting parameter that

takes into account the fact that the electric field is not constant along X and that
is not zero in the buried oxide in the case of single gate MOSFETSs [96]. Its
value usually varies between 1.0 and 1.3 [97].

The first term of (3.25) is the flux entering the Gaussian box along the y

direction; the second term is the electric flux entering the top surface of the

Gaussian box. Since we adopt the guess that the electric field is constant along

des (y)

the X direction, we can write Eg (y) Ty
y
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Therefore the (3.25) becomes:

d’¢(y) 17 ¢ n ¢
_ ox _ ox (/. V)
dy2 Egilgi t s (y) Egilgi t ( " GS)

0X 0Xx

(3.26)

Solving (3.26) we have

sinh(y/A) _ sinh[(L—y)/4]
Csinh()li//l)+D sinh(L/);b)

#s(y)=¢o + , (3.27)

where ¢, is the particular solution of the equation and result equal at

¢ =Vgs =V, and A is the characteristic length defined as
A =4egtsto, /nEq, - Unknown terms wg,w,,C, D are obtained by enforcing

continuity of ¢ and its derivative and by the boundary conditions:

¢s(_Ws):¢bi ¢5(L+WD)=VDS + By

dgs N 9dds _
W( W, )=0 & (L+wy)=0

(3.28)

Once ¢ (y) is known we can extract its minimum value in the channel
Dsmin (VGS ,VDS) and obtain the threshold voltage as the gate voltage required to

have ¢, =@ , corresponding to the drain current used in the definition of

Vi
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The minimum potential along the longitudinal direction can be obtained
from

do:ly) g (¢.29)
dy

Ymin

At low drain-source voltage value, we can be assuming that y,.. = L/2.

First, we want to validate our analytical model for the surface potential and
the threshold voltage by comparison with TCAD results [93] on the template
devices with the full doping profiles. In Fig. 3.14 the surface potential profiles
for the 32 nm template MOSFET are compared for Vps =50 mV and 1V, and

for different values of V¢s. We use a single fitting parameter (77 =1.2) with the

same value for the 32 nm and the 22 nm templates at the price of a suboptimal

fitting. Nevertheless, agreement is very good. Very good agreement is obtained
also for the 22 nm template MOSFET (Fig. 3.15).

Template 32 nm

— Analytical
-~ TCAD 7

2

—Analytical
1.25 TCAD >

o
[

o
'

Potential (V)

o
[

0 10 20 30 40 0 10 20 30 40
Yy (nm) y (nm)

Fig. 3.14 Surface potential profile of the 32 nm template MOSFET as a
function of y for different Vgs (0-0.5 V in steps of 0.1 V) for Vps =50 mV
(@) or Vps=1V (b). Comparison between analytical model and TCAD
simulations. The arrow indicates the increase of Vgs.
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Template 22 nm

3 : ° 43
05 —Analytical : —Analytical £
W\ ~TCAD TCAD |

04 < !
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o 0.1
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Fig. 3.15 Surface potential profile of the 22 nm template MOSFET as a
function of y for different Vgs (0-0.5V in steps of 0.1 V) for Vps =50 mV
(@) or Vps=1V (b). Comparison between analytical model and TCAD
simulations. The arrow indicates the increase of Vgs.
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4 Variability in Flash memory cells

4.1 Flash memory

With the progress of microelectronics technology and computer technology,
the demand for information storage has been increasing rapidly. In the past 30
years, the semiconductor memory market continued to grow at high rate and
give birth to flourishing market segments. One of such segments is represented
by nonvolatile semiconductor memories (NVSMs, in particular Flash
EEPROMs (Electrically Erasable Programmable Read-Only Memory) [98]

In a Flash EEPROM the content of the whole memory array, or a memory
sector, is erased in one step. The first Flash EEPROM was proposed by
Masuoka et al. at 1984. Flash has the advantage of good no volatility, and high
density, and has found many application areas.

Different Flash implementations exist: NOR and NAND are the most
common, and will be described later in the chapter [99]. NAND architectures, in
particular, are used in memory cards and USB Flash drives for storage and data
transfer between computers and digital systems. Other applications include
personal digital assistants, notebooks, MP3 players, digital cameras, and cellular

phones. In the last years it also gained some popularity in the game console
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market. In the future, Flash-based systems such as solid-state disks (SSDs) are
now replacing conventional hard disk drives (HDDs) [100].

Flash memories have strong limitations to perform random access in writing
and reading. A Flash card like an SD-card is a small system in package built
around the Flash memory and combined with a microcontroller capable of
overcoming these limitations, being able to perform random access in both read
and write, featuring a technology-independent interface.

The popularity of the Flash memory for applications such as storage on
portable devices is mainly based on its distinctive characteristic of being
nonvolatile (i.e., stored information is retained even when not powered,
differently from other kinds of memories, like DRAM). Flash memory also
offers fast access times in read (although not as fast as DRAM) and better
mechanical shock resistance compared to hard-disks. The high storage density
of a Flash-based system is typically achieved by means of advanced packaging
techniques.

Furthermore, the smart memory management carried out by the
microcontroller allows a high endurance and an appealing reliability of the
resulting system.

As manufacturers increase the density of data storage in Flash devices, the
size of individual memory cells becomes smaller and the number of electrons
stored in the cell decreases. Moreover, coupling between adjacent cells and
guantum effects can change the write characteristics of cells, making it more
difficult to design devices able to guarantee reasonable data integrity. Therefore
countermeasures such as improved error correction codes are applied.

A flash memory contains an array of floating-gate transistors: each of them

is acting as memory cell. In single level cell (SLC) devices, each memory cell
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stores one bit of information; for multi level cell (MLC) devices, more than one
bit per cell can be stored [101]. Fig. 4.1 shows a schematic cross-section of a
floating-gate memory cell. The floating gate is used to store electrons: changing
the number of electrons results in a different threshold voltage of the transistor
and, therefore, in a different drain current under fixed biasing conditions.

CONTROL GATE

|:_!_:| FLOATING GATE
Crc
C

D
SOURCE —|—CS ‘I_CB == DRAIN

I

SUBSTRATE

Fig. 4.1 Schematic representation of a floating-gate memory cell [Fig. 1
of [1001]].

Fig. 4.2 Scanning electron microscope image showing the section of
memory cells in Flash technology from 0.18 pm.
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There are two dominant kinds of Flash memories: NAND and NOR. The
name is related to the topology used for the cell array. NAND Flash memory is
the core of the removable USB interface storage devices known as USB drives,
as well as most memory card formats available today on the market.

NAND Flash uses Fowler—Nordheim (FN) tunnel injection and Channel
Hot- Electron (CHE) for writing and Fowler—Nordheim tunnel release for
erasing.

Due to their construction principles, NAND Flash memories are accessed
like hard disks, and therefore are very suitable for use in mass-storage devices
such as memory cards.

While programming is performed on a page basis, erase can only be
performed on a block basis (i.e., a group of pages). Pages are typically 2048 or
4096 bytes in size.

Associated with each page there are a few bytes that can be used for storage
of error detection and checksum as well as for administration as requested by
the external microcontroller. Fig. 4.3 shows a schematic representation of the
memory organization of a NAND Flash memory.

Another limitation is the finite number of write-erase cycles (manufacturers
usually guarantee 10° write-erase cycles for SLC NAND). Furthermore, in order
to increase manufacturing yield and reduce NAND memory cost, NAND
devices are shipped from the factory with some bad blocks (i.e., blocks where
some locations do not guarantee the standard level of reliability when used),
which are identified and marked according to a specified bad-block marking

strategy.
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On the other neither hand, NOR Flash memories are capable of a very fast
read access time (less than 100 ns), they offer a programming time comparable
to that of the NAND (but the amount of programmed bit per operation is
considerably smaller), but they feature an erase time which is some order of
magnitudes higher than the NAND.

1 NAND = 8,192 Blocks

7
1Page = (1K+128) Bytes \
DATA IN/OUT <7:0>
~ 8 bits

1 Block = (4K +128)Bytes x 64 Pages A 4
77z 7 77

4K Bytes 128 Bytes

Fig. 4.3 Schematic representation of the memory organization of a
NAND Flash memory [Fig. 2 of [100]].

Since different Flash cell structures require different programming methods,
there are several physical principles for write and erase operation.

Currently, main mechanisms are the Fowler-Nordheim (F-N) Tunneling and
Channel Hot- Electron (CHE). Both are shown in Fig. 4.4, Fig. 4.5 and Fig. 4.6.
These are the ETOX cell programming method.

Fowler-Nordheim Tunneling is a field-assisted electron tunneling effect.
During erase, a large voltage is applied between source and gate, which

increases the transparency of the gate oxide.

111



Valentina Bonfiglio
4 Variability in Flash memory cells

The electrons can tunnel through the barrier from the poly-silicon
conduction band and through the oxide conduction band into source. This lets
the floating gate positively charge. The barrier of SiO, is about 3.2 eV for
electrons in the conduction band of silicon and 4.8 eV for holes in the valence
band. When a high field of > 10 MV/cm is applied across the =~ 100A oxide, the
electrons could directly tunnel the barrier and cause a significant tunneling
current. The current density is given by [102]:

Ec

J=a-E? e<_Eini> (4.1)

inj’

wherein J: tunneling current density, Ejy,: field of silicon -SiO, interface,
E.: the barrier energy, «: a field-independent coefficient.

Generally, Fowler-Nordheim current is for Flash cell erase operation. CHE
is a generally used for Flash cell write operation. When the high voltage is
applied to both drain and gate simultaneously, the high voltage across the drain
to source gives a high channel field to generate high energy “hot” electrons and
the control gate with high voltage attracts the part of these hot electrons (1uck
electrons) to the floating gate. This process lets floating gate negatively charge

and means write operation. The CHE current expression is following (4.2):

Ig) = @b Lsub
In (E) =C + (m) in ( . ) (4.2)
wherein,
@p(Epx) = 3.2 = B(Ep) /% — 9(Epy)?/3 (4.3)
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The CHE current depends on both the horizontal and vertical field, the
determined operation condition is a tradeoff between them.

In Fig. 4.4 and Fig. 4.5 the mechanisms to program the cell are shown:
injection of hot electrons channel and Fowler - Nordheim tunneling. In Fig. 4.6
is illustrated the mechanism of erase the cell: Fowler - Nordheim tunneling.

gate

source

E p-well

Fig. 4.4 Programming of the cell: injection of hot electrons channel.
gate

source

p-well

Fig. 4.5 Programming of the cell: Fowler - Nordheim tunneling.
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gate

source

p-well

Fig. 4.6 Erased of the cell: Fowler - Nordheim tunneling.

As mentioned earlier Flash memory can be divided into two categories:

standard cells, in which each cell contains 1-bit, and multi-level, in which
each cell contains n bits of information (n =log.l, | = number of levels). In
these, the manufacturing process, procedures, and the circuitry for reading the
data are much more complex. Most MLC NAND flash memory has four
possible states per cell, so it can store two bits per cell. This reduces the amount
of charge in the floating gate separating the states and results in the possibility
of more errors. Multi-level cells which are designed for low error rates are

sometimes called enterprise MLC (eMLC).
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Fig. 4.7 Flash cells: threshold distribution for SLC and MLC.

NAND array is shown in Fig. 4.8. Its cell size is scaled down largely by
connecting the bit of one byte in series to reduce the contact hole to 1/2n (n: bit
number). Its both program and erase operations use Fowler-Nordheim
tunneling. The select gate 1 and 2, selected control gate, unselected control gate,
source and substrate are applied by different voltage to program or erase the

selected cell. Its drawbacks are long access time and high programming voltage.
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Fig. 4.8 NAND [Fig. 8 of [98]].

The array is presented in Fig. 4.9. Two cells in the array shares one common
bit line. The write operation uses CHE, and erase operation uses Fowler-
Nordheim tunneling at source. NOR has high programming speed and short
access time. But the power consumption of programming is higher.
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Fig. 4.9 NOR [Fig. 9 of [98]].
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NAND

0,18 um 0,18 um

Fig. 4.10 NAND and NOR: various dimensions.

4.2 Variability

The aggressive scaling trend of the NAND Flash technology recently led to
the development of storage cells with dimensions of few tens of nanometers.
One of the consequences of the reduced device dimensions is the increasing role
played by variability effects at the single-device level [103], [104], that strongly
influence the threshold voltage (V) distribution of nanoscaled NAND arrays,
affecting their performance and reliability. The standard way of assessing the
impact of these phenomena is by 3D numerical simulations [83], but the
computational load required makes this approach unpractical when extensive
statistical analyses under different operating conditions are needed [105].

Variability effects are becoming more and more important for NAND Flash
memories, affecting the uniformity and reproducibility of device characteristics

and operations as cell dimensions scale down [105] - [108]. In this respect, two
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main variability sources can be identified: The first is related to cell-to-cell
parameter variations, due to process variations[105], and the second accounts
for the statistics of few electron tunneling and is related to the discrete electron
transfer to/from the floating gate (FG) during cell operation [106], [108], [109].

With the impressive shrinking of Non-Volatile Memory (NVM) device
down to nanoscale dimensions atomistic level fluctuations play a significant
role in the threshold voltage distribution of a memory array. However, multi-
level bits storage in a single cell is required to reach a high degree of integration
and it consequently requires an improved control of Vy,. Thus, predicting
scaling limits of Flash memories on the basis of signal/noise ratio requires both
physical models and the analysis of the statistical distributions of the cell
threshold voltage [110].

The paper [111] deals with the problem of threshold voltage fluctuations due
to the Discrete Dopant Effects (DDE) but also introducing the Non-Uniform
Conduction concept (NUC), including the Edge Effects (EE), the Trap and
oxide fixed charge Distribution (TD) with the related Random Telegraph Signal
(RTS) for a nanoscale Flash memory array. The capability to capture the
relevant physical phenomena and their own weight with a simple analytical
approach appears a strength point of the model otherwise supported by a
physical understanding [112].

The resulting bit distributions are compared against experimental data and a

good agreement in between is found.
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4.3 State of art

The threshold voltage fluctuation in flash memory cells is one a critical issue
for cell characterization. While several geometrical variations influence Vy, for
all cells in an array, a trap in tunnel oxide and dopant fluctuation mainly impact
to the Vy, variation of one memory cell. Thus, it is known that random telegraph
noise (RTN) and dopant scattering are the major reason of Vy, fluctuations, as
reported in several research papers [113] - [116]. The Vy, variation is more
critical in multi-level-cell (MLC) operation due to the even narrower memory
window.

In [117], the Vy, fluctuation of one memory cell is investigated for NOR
flashes cell scaling. From the experimental results, the influence of RTN and
dopants on Vy, fluctuation is estimated. Furthermore, it is proposed that this can
be suppressed by the reduction of maximum RTN amplitude as a result of
channel engineering and optimization.

In [105], a compact model is presented for studying the impact of variability
effects on the Vy, distribution of nanoscale NAND Flash memories not only
when cells are in the neutral state but also after program/erase and retention.
Both intrinsic and technological sources of fluctuation have been investigated
and implemented in the model, assessing their importance under real operating
conditions. The starting point for their analysis is the compact model for the
NAND Flash memory array presented in [118].

The SPICE compact model was used in a Monte Carlo framework, running
simulations to obtain the Vy, distribution from the calculated string current
under read conditions. In each simulation, the device parameters were randomly
changed, to account for the different variability effects. In particular, the authors

considered both process-induced fluctuations in the cell geometry and more
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fundamental ones, due for example to the discrete nature of the charge. The
former include W, L, tunnel and interpoly dielectric thickness fluctuations as
well as fluctuations in the control-to-floating gate coupling coefficient; the latter
account for random dopants (RDF) and oxide trap fluctuations (OTF). Process-
induced fluctuations are directly inserted in the compact model by changing the
device parameters (W, L, etc.) in each Monte Carlo run, according to Gaussian
distributions whose spreads are extracted from process data. The
implementation of the so-called intrinsic contributions is instead carried out as
follows: RDF effect on Vy, was accounted for by the analytical formula reported

in [103], while the Vy, variability due to OTF was implemented as
Oorr :KOXQS’X/\/WL with a = 0.5 and K, and Q. fitted on cycled

distribution data.
4.4 Our method

We have studied the effects of variability inherent in the case of Flash
memory.

As part of the ENIAC MODERN project, we studied the effects of intrinsic
parameter variability on the electrical characteristics of flash technology. As
template device is used a Flash Memory Cell provided by Micron for the
analysis of variability sources in non-volatile technologies in 32 nm. Glasgow
University has carried out large-scale statistical simulations of threshold voltage
variability of the template device.

The test device is basically a conventional floating gate NAND cell with
simplified boundary and doping profiles. Dimensions are chosen to be

representative of a 32 nm half pitch (F) technology.
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4.5 32 nm Flash Cell

45.1 Device geometry

The cell layout is shown in Fig. 4.11. It is the typical layout of a cross-point
device defined by the overlap of two orthogonal lines with minimum feature

size (F) that represents the simplest and smallest lithographic pattern.
X

)

bitline

2F

wordline
[=5]

2F
Fig. 4.11 4F? cell layout.

The cross sections along the wordline and bitline are shown in Fig. 4.12.
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Fig. 4.12 a) wordline cross-section; b) bitline cross-section.

The template NVM cell is a generic floating-gate non-volatile memory (FG-
NVM) cell with simplified boundary and doping profiles and a printed gate
length of 32 nm. The simplified device is not indicative of any specific process
technology or product but is a generalized structure that has been created to
study the effects of variability on NVM. The gate stack of the FG-NVM cell
consists of a polysilicon gate material with a 4-3-5-nm ONO layer and an 8-nm-
thick tunneling oxide. The source—drain doping is symmetric and is created
using an Arsenic implant at 1 x 10% cm 3 with a Gaussian distribution, which
results in a junction depth of 25 nm. The substrate has a uniform Boron doping
concentration of 2 x 10*® cm 3,

In Tab. 4.1 the symbols and the values of the geometrical parameters are

reported.
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Geometrical Symbols and dimensions of layers
parameters Symbol Value
d-Ce" X PitchX 64 nm
imension
Cell ¥ PitchY 64 nm
dimension
Activ_e Area W 32 nm
Width
Gate length Lg 32 nm
Silicon
substrate MaxDepth 0.5 um
thickness
Isolation 0.2 um
Depth STIDepth =
Tunnel oxide 8nm
thickness Tox
StepH 20 nm
Polyl 70 nm
thickness P1
Poly2 po 100 nm
thickness
ONO bottom 4nm
oxide ONO_bot
ONO nitride ONO _nit 3nm
ONO top ONO_top 5 nm
oxide
Junction depth Xj 25 nm

Tab. 4.1 Numerical values of the different geometrical parameters [119].

The relative dielectric constants considered in the simulation are reported in
the Tab. 4.2.
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) Relative dielectric
Material
constant
Silicon 11.7
Oxide 3.9
Nitride 7.5

Tab. 4.2 The relative dielectric constants used in [119].

The electrodes are placed at the outer boundary of the structure:

* Control Gate (CGate) at the top face of Poly2;

* Substrate (Bulk) at the bottom face of the Silicon substrate;

* Source at the active area boundary at y = 0 for a depth of x;/2;

* Drain at the active area boundary at y=PitchY for a depth of x;/2;

In order to save mesh points, the FGate and CGate electrodes are located at

the interface of Polyl and Poly2 regions with other materials, respectively.
4.5.2 Doping profile

The Silicon substrate is doped with a constant profile of Boron with
concentration N, =2 x 10'® cm™. Poly1 (floating gate region) is doped with a
constant concentration of Phosphorus of 3x10“cm?® whereas Poly2
(wordline) is doped with a Phosphorus concentration of 10°°cm™. Source and
drain junction are symmetric and are made by an Arsenic Gaussian profile with
peak concentration of 1e”%cm™ and junction depth Xj. In the lateral direction the
arsenic profile is still Gaussian with a “ratio” of the standard deviation with

respect to the one of the vertical direction of 0.5. The Gaussian profiles extend
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up to 0.5 x; from the gate stack so that the drain (source) junction is aligned with
the gate stack (Fig. 4.13).

107k Net
gel E Boron
oron Arsenic
Arsenic
107 10"
10k 107
10" e
10"
10" d
0.5x
-‘015?
E S S SRR S R O
3 002 -0.04 -0.08 0 0.02 0.04 0.06
Z [um] Y [um]

Fig. 4.13 Doping profiles in the vertical (left) and channel (right)
directions.

4.6 Threshold voltage variability

To accurately characterise the intrinsic variability potentially of the template
32 nm flash cell the threshold voltage Roy et al. [118] perform a simulation of
an ensemble of 1000 microscopically different devices. The sources of
variability included in their study are Random Discrete Dopants (RDD), Line
Edge Roughness (LER), Line Width Roughness (LWR), Oxide Thickness
Fluctuations (OTF), Poly-silicon Granularity (PSG) and random interface-
trapped charge (ITC). Each source is studied individually and then combined
with RDD to observe the combined effect on the mean (<Vy>) and on the
standard deviation (cVy,). This results in 13000 simulations being run with a
total of 39000 CPU hours of computation.
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We have extended our approach presented in the previous chapter, to the
case of memories and in particular to this cell flash memory
The threshold voltage is calculated using a current criterion; in this case it is

calculated using the equation:

1 ZIOO*K nA
Vin L

This gives a threshold voltage for the uniform device of 1.04 V for a drain
current of 100 mV. This is selected to be below the “knee” of the transfer
characteristics and at the top of the subthreshold region.

The methodology used by us to evaluate threshold voltage variability is
described in detail in [89] and in Chapter 3.

The first step is critical, and requires close inspection of device fabrication
and physics, the second is based on the assumption that first-order linearization
is applicable. We have verified this to be the case in all cases, through detailed
comparison with statistical atomistic simulations also for the non-volatile-
memory technology described in [119].

The analysis for the memory is more complicated than that related to planar
MOSFETSs because it is necessary to carry out 3D simulations, since the shape
of the control gate does not allows us to simply consider a two-dimensional

structure.
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4.6.1 Random Discrete Dopants

The first source of variation considered in [118] is Random Discrete Dopants
(RDD) [120]. Variations due to RDD are caused by the random nature of the
processing steps involved with implantation, diffusion, and annealing.

In order to study RDD, we adopt the same approach based on a propagator
that is illustrated in Chapter 3. As a difference with respect to the previous
situation, we here have to perform 3D simulations, since the Flash memory cells
cannot be reduced to 2D structures.

The electron concentration of a template 32 nm flash cell with the inclusion
of RDD is shown in Fig. 4.14; the oxide has been removed in the visualization

so that the profile can be more easily seen.
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Fig. 4.14 Arsenic concentration in the cell obtained with Sentaurus
TCAD.

In this case, we subdivide the device region into parallelepipeds. For each
parallelepiped we multiply doping of each species by a factor (1 + o) (in our
case o, = 0.1) and compute the corresponding variation of the threshold voltage
AV, with respect to the nominal value.

Such investigation is particularly interesting because observing the results
obtained for each parallelepiped, we can understand which part of the device

region contributes the most to the threshold voltage dispersion.
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We have evaluated that a partition of the three dimensional silicon body in
boxes of size 8 x 8 x 25 nm® represents a good trade-off between computing
time and accuracy. Considering the fact that we can exploit the symmetry of the
structure also along the transport direction at very low drain-to-source voltage,
only sensitivities corresponding to 16 boxes must be computed with TCAD
simulations (Fig. 4.15).

3
Z Pitch X Z Pitch Y
W Lg
J l 25 nm
N~
S_H’[Il X 8 nm Y

Fig. 4.15 Zoom of the regions which give contribution to the standard
deviation of the threshold voltage.

The effect of RDD on the Vy, have been compared with direct simulation of
a statistical ensemble done at the University of Glasgow through GARAND
[118] obtained simulating samples of 1000 microscopically different devices
(Tab. 4.3).

Our method Stat. Sim.
RDD
[89] [118]
ovih (MV) 137 141
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Tab. 4.3 Standard variation of the threshold voltage due to random
dopants.

4.6.2 Line Edge Roughness

The second source of variability considered in [118] is Line Edge Roughness
(LER).

Also for this source we use the same approach described in Chapter 3. The
results are compared with the values obtained from the statistical simulation
done to study the Vy, distribution of 1000 microscopically different devices.

In the simulations presented here Gaussian autocorrelation function has been
considered.

The curve in the Fig. 4.16 shows the trend of the threshold voltage as a
function of channel length.
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Fig. 4.16 Threshold voltage as a function of Lg for the template Flash
Memory.

Assuming reasonable values for the two parameters, such as correlation
length AL =20 nm and RMS amplitude A = 1.5 nm, results for W = L=32 nm
are shown in

Tab. 4.4. Results have been obtained using three device structures with
slightly different gate lengths (31, 32, and 33 nm), very useful for computing
the derivatives of threshold voltage with respect to gate length. Our results are
compared with the values obtained by the University of Glasgow through
GARAND [118].

Our method Stat. Sim.
LER
[89] [118]
Ovin (MV) 46 48

Tab. 4.4 Standard deviation of the threshold voltage due to LER
obtained from sensitivity analysis.

4.6.3 Line Width Roughness

Line Width Roughness (LWR) is another source of variability included in
[118]. LWR is created during the etching and filling of the surrounding shallow
trench insulation (STI) on the edges of the template flash cell [40]. The rough
edges lead to a variation in device width along the length of the device altering
the amount of current produced. LWR is introduced in GARAND in a similar
method as LER with randomly generated lines that can be applied to either front

or back edges of the device. They are generated from the power spectrum
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corresponding to a Gaussian autocorrelation function and are defined by RMS
amplitude and correlation length.

For the LWR we adopt the same method and the same expression used to
study the LER. We translate line width roughness in terms of the dispersion of
the average position of both gate edges along the X axis (x=0+x,and
X=W +Xx,).

Assuming the same values for the two parameters we considered for LER
(correlation length A, =20 nm and RMS amplitude A, = 1.5 nm) we obtain
results in Tab. 4.5. Threshold voltage sensitivity has been obtained using three
device structures with slightly different gate width (30, 32, and 34 nm), very
useful for computing the derivatives of threshold voltage with respect to gate

width. These are compared with the results obtained using statistical simulation
[118].

Our method Stat. Sim.
LWR
[89] [118]
ovin (MV) 28 26

Tab. 4.5 Standard deviation of the threshold voltage due to LWR
obtained from sensitivity analysis.
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4.6.4 Oxide Thickness Fluctuations

The fourth source of variation considered in [118] is Oxide Thickness
Fluctuations (OTF). OTF is caused by atomic scale roughness of the Si/SiO,
and gate/SiO; interfaces on the scale of one inter-atomic layer and can introduce
substantial variation in sub-1 nm EOT gate oxides [122].

Even for the OTF we applied the same method explained in Chapter 3 for
MOSFETSs. We then compared our results with those obtained from GARAND
through the generation of a random 2D surface from the power spectrum
corresponding to a Gaussian or Exponential autocorrelation function: as with
the other sources of variation 1000 microscopically different device are
simulated with OTF..

In Fig. 4.17 the dependence is shown of the threshold voltage as a function
of oxide thickness.
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Fig. 4.17 Threshold voltage as a function of to for the template Flash
Memory.

133



Valentina Bonfiglio
4 Variability in Flash memory cells

Assuming reasonable values for the two parameters, such as correlation
length As = 18 nm and RMS amplitude A_ = 0.2 nm, results for W = L =32 nm
are shown in Tab. 4.6, compared with the results in [118].

Our method Stat. Sim.
OTF
[89] [118]
ovin (MV) 14 14

Tab. 4.6 Standard deviation of the threshold voltage due to OTV.

4.6.5 Interface-Trapped Charge (ITC)

Interface- Trapped Charge (ITC) in the insulator material is another
significant source of variation considered in [118]. Interface trapped charge can
be result of poor oxide quality or can be generated as a result of degradation
associated with injection and trapping of carriers in the gate stack. Due to the
discrete nature of the fixed charges and trapped carriers, reliability problems in
contemporary CMOS have a statistical nature [123], [124]. For a particular
average trapped charge density, the actual number of trapped charges will vary
from transistor to transistor, and their actual position in each transistor will be
unique.

For the ITC we used the same method used to solve the RDD, considering
both top and lateral gate oxides.

First we did a simulation considering large parallelepipeds order to identify
regions that effectively given contribution to the variation of the threshold

voltage. Once the region to consider has been determined we reduced the size of
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the parallelepipeds until the oy, does not decrease with decreasing size of the

parallelepipeds.
Initially 1 considered a single region of size 16 x 64 x 200 nm® (Fig. 4.18).

Simulating half device I have obtained: ay,,, = 27 mV.

7 Pitch X 7z Pitch Y

200 nm

R

16 nm X 64 nm Y

Fig. 4.18 One regions 16 x 64 x 200 nm?®.,

After that | have further divided the region between 0 and 200 nm in the z
direction in 2 parts, and also along x axis have divided the region into 2 parts.

Basically | got parallelepipeds of dimensions 8 x 64 x 100 nm® (Fig. 4.19). |

have obtained: oy, = 59 mV.
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Fig. 4.19 Regions 8 x 64 x 100 nm®,

I also tried to divide the same region into 4 rectangles vertically, that is, each

of size equal to 16 x 64 x 50 nm® (Fig. 4.20). | have obtained: oy,, = 56 mV.
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Fig. 4.20 Regions 16 x 64 x 50 nm®.

Finally I tried to halve the size along the three directions, thus obtaining

parallelepipeds of size 8 x 32 x 50 nm® (
Tab. 4.7) and | got a oy, = 59 mV. It is thus evident that the value tends

to stabilize.
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Fig. 4.21 Regions 8 x 32 x 50 nm®.

We assume an average trap density of 5 x 10" cm? and partition the tunnel
oxide in tales of 8 x 64 x 100 nm®, for a total of only four simulations, if the
symmetry of the nominal structure is exploited.

The results obtained from us, compared with those obtained with the
atomistic simulations by the University of Glasgow through GARAND [118],
are shown in the Tab. 4.7 Standard deviation of the threshold voltage due to
ITC.
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Our method Stat. Sim.
ITC
[89] [118]
ovin (MV) 59 67

Tab. 4.7 Standard deviation of the threshold voltage due to ITC.

4.7 Conclusions

We have proposed a methodology for the quantitative evaluation of the
effects of the main mechanisms affecting threshold voltage variability, based on
the careful identification of the main independent and relevant physical
quantities. Our approach requires the calculation of partial derivatives of with
respect to device structure parameters that can be obtained with a very limited
number of TCAD simulations. We have shown that in all cases we are able to
obtain results in good agreement with 3D atomistic statistical simulations [118]
at a much smaller computational cost.

We qualify this statement to the second order moment of the threshold
voltage distribution, because the proposed approach does not provide
information on the far tails of the distribution, which are important for large
Flash memory arrays, and would require extension of the method to higher

order terms.
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Conclusions

In this thesis we have addressed the problem of quantitative evaluation of
device variability in CMOS technology, analyzing the main causes of variability
and how its importance increases with technology downscaling. Among the
different factors affected by parameter variations, we have chosen to focus
exclusively on the dispersion of the threshold voltage.

In the first part we have proposed a methodology for the quantitative
evaluation of the effect of line edge roughness, surface roughness, and random
dopant distribution, that is based on the careful analysis of the main independent
physical parameters affecting threshold voltage variability.

The analysis has been done considering various template devices: a 32 nm
ultra-thin body SOl MOSFET and a 22 nm double-gate MOSFET adopted
within the EC PULLNANO project, one bulk 45 nm NMOSFET within the
project MODERN and 32/28 nm CMOS process developed by STM for
MODERN WP2 project.

In the second part we have used the model to investigate variability of
memory devices. In particular, we have considered a Flash Memory Cell
provided by Micron for the analysis of variability sources in non-volatile 32 nm

technology.
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We have shown that in all cases we are able to obtain results in good
agreement with 3D atomistic statistical simulations at a much smaller
computational cost.

In conclusion, in this thesis has been proposed a method for the quantitative
assessment of the effect of the main sources of variability, which has a much
lower computational cost than the statistical simulations typically used in the
literature.
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