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To My Family





The difference between false memories and true ones is the
same as for jewels: it is always the false ones that look the most

real, the most brilliant.
(Salvador Dal̀ı)

Si è cos̀ı profondi, ormai, che non si vede più niente. A forza di
andare in profondità si è sprofondati. Soltanto l’intelligenza,
intelligenza che è anche leggerezza, che sa essere leggera, può

sperare di risalire alla superficialità, alla banalità.
(Leonardo Sciascia)

Anyone who says he can see through women is missing a lot.
(Groucho Marx)





Abstract

T
he ever growing market of mobile communication and digital consumer elec-
tronics has stimulated the rapid development of Flash memory technology.

The Flash memory market is today estimated in tens of billions of dollars, and it
has a huge growth potential, some of it at the expense of volatile memories and
magnetic storage media. For more than 20 years the conventional floating-gate
technology has been able to meet the requirements of higher storage density,
higher programming/erasing speed, higher reliability and lower power design
through a continuous scaling of the cell size. However, the floating gate technol-
ogy faces nowadays difficult technical challenges and some physical limitations
towards further scaling1.

The charge-trap memory cell is considered today the most practical evo-
lution of the floating-gate Flash cell, allowing improved reliability and scaling
perspectives1. Stress-induced leakage current immunity, strongly reduced cell-
to-cell parasitic interference, and the possibility to decrease the thickness of the
gate dielectric stack and, therefore, the program/erase biases appear as the main
promises of the charge-trap technology2. However, the discrete nature of the
stored charge necessarily gives rise to statistical issues related to the number and
position fluctuation of the electrons in the storage-layer, determining a statisti-
cal dispersion of the threshold voltage shift after the program operation. This
statistical dispersion is expected to be further worsened when considering the
additional contribution of atomistic doping to non-uniform substrate inversion,
enhancing percolative source-to-drain conduction3. Moreover the statistical na-
ture of the process ruling the injection of charge from the substrate into the
storage layer, may represent a further important variability source for the pro-
gram operation of nanoscale charge-trap memory devices, compromising the
tightness of the programmed threshold-voltage distribution, as already pointed
out for floating-gate devices4. Cell scaling increases the impact of these variabil-

1C. H. Lee et al, IEDM Tech. Dig., 613-616, 2003; Y. Shin Kim et al., IEDM Tech.
Dig., 337-340, 2005; Y. Park et al, IEDM Tech. Dig., 29-32, 2006; J. S. Sim et al., Proc.
Non-Volatile Semicon. Memory Workshop, 110-111, 2007.

2C.-H. Lee et al, Symp. VLSI Tech. Dig., 21-22, 2006; T. Ishida et al., IEEE Electron
Device Lett., 920-922,2008.

3N. Sano et al, Microelectron. Reliab., 189-199, 2002; A. Asenov et al., IEEE Trans.
Electron Devices, 1837-1852, 2003; G. Roy et al., IEEE Trans. Electron Devices, 3063-3070,
2006; M. F. Bukhori et al., Microelectron. Reliab., 1549-1552, 2008; A. Ghetti et al., IEEE
Trans. Electron Devices, 1746-1752, 2009.

4C. Monzio Compagnoni et al., IEDM Tech. Dig., 165-168, 2007; C. Monzio Compagnoni
et al., IEEE Trans. Electron Devices, 2695-2702, 2008.; C. Monzio Compagnoni et al., IEEE
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ity sources, as the number of charges (electrons and ionized dopants) decreases
shrinking the cell dimensions.

This work presents part of the research on these topics author has been
involved in during the cycle XXIV of the PhD Course in Information Technology.

In particular the thesis focuses the attention on the statistical variability af-
fecting the reading and programming operations of nanoscale charge-trap mem-
ories.

The manuscript is organized as follows. Chapter 1 briefly introduces the
floating-gate Flash technology, pointing out the main scaling limits for both
NAND and NOR architectures. Then the charge-trap technology is presented
highlighting its potential benefits in terms of reliability, scaling perspective and
technological feasibility. The end of the chapter is devoted to present the major
sources of statistical variability for the charge-trap technology.

Chapter 2 gives a thorough overview of the issues related to the resolution
of individual discrete charges in 3D drift-diffusion simulations. Three possible
approaches to deal with this problem are outlined, the first being the use of
charge smearing over a fine mesh, the second being the splitting of the Coulomb
potential into short and long range components, and the third being the intro-
duction of quantum corrections for both the electrons and the holes in the solu-
tion domain. It will be shown that even the quantum corrections are not enough
to remove the artificial charge localization introduced in drift-diffusion simula-
tions dealing with single Coulombic attractive centers and a mobility model
correction will be proposed to relieve this artifact from simulation results.

Chapter 3 presents a comprehensive investigation of threshold voltae shift
variability in deeply-scaled charge-trap memory cells, considering both atom-
istic substrate doping and the discrete and localized nature of stored charge in
the nitride layer. The first part of the chapter outlines the physics-based 3D
TCAD model developed for this study: the statistical dispersion of the thresh-
old voltage shift induced by a single localized electron in the nitride is evaluated
in presence of non-uniform substrate conduction. The role of 3-D electrostatics
and atomistic doping on the results is highlighted, showing the latter as the
major spread source. The threshold voltage shift induced by more than one
electron in the nitride is then analyzed, showing that for increasing numbers
of stored electrons a correlation among single-electron shifts clearly appears.
The second part of the chapter is devoted to the scaling trend and the prac-
tical impact of these statistical effects on cell operation: for fixed density of
trapped charge, the average threshold voltage shift decreases with scaling the
cell dimensions as a consequence of fringing fields, not predictable by any 1-D
simulation approach. Moreover, the distribution statistical dispersion increases
with technology scaling due to a more sensitive percolative substrate conduc-
tion in presence of atomistic doping and 3-D electrostatics. The impact of the
discrete electron storage in the nitride on random telegraph noise (RTN) in-
stabilities is also investigated, showing that despite single cell behavior may be
modified, negligible effects result at the statistical level.

Trans. Electron Devices, 3192-3199, 2008; C. Friederich et al., IEDM Tech. Dig., 831-834,
2008; H.-T. Lue et al., Proc. IMW, 92-95, 2010; H. Liu et al., Proc. WMED, 1-3, 2009; K.
Prall et al., IEDM Tech. Dig., 102-105, 2010.
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Chapter 4 addresses the study of charge-trap memory programming vari-
ability. The first part of the chapter presents the physics-based Monte-Carlo
model developed to simulate the statistical electron injection process from the
substrate to the storage layer: for a correct evaluation of the threshold-voltage
dynamics, cell electrostatics and drain current are calculated by means of a 3D
TCAD approach in presence of atomistic doping, largely contributing to per-
colative substrate conduction, and in presence of discrete traps in the storage
layer. Results show that the low average programming efficiency commonly en-
countered in nanoscale charge-trap memories mainly results from the low impact
of locally stored electrons on cell threshold voltage in presence of fringing fields
at the cell edges. The second part of the chapter evaluates the impact of the
statistical process ruling electron injection on the statistical dispersion of cell
threshold voltage during the program operation: it is shown that the discrete
electron injection process plays the dominant role in determining the threshold
voltage spread, compared to the fluctuation in the number and position of the
trapping sites and to the fluctuation of the threshold-voltage shift induced by
stored electrons in presence of percolative substrate conduction.

As will be shown in chapter 3, a further burden for the programming ac-
curacy is given by RTN instabilities, whose amplitude is enhanced by percola-
tive substrate conduction in presence of atomistic doping5. In particular, the
threshold-voltage shift given by single RTN traps was shown to follow an expo-
nential distribution6, with standard deviation proportional to the square root
of the channel doping concentration when a uniform doping profile is adopted.
These results reveal that channel doping is one of the most important parameters
for RTN in MOS devices, opening the possibility for technology optimizations
by engineered doping profiles. To this purpose Chapter 5 presents a thor-
ough numerical investigation of the effect of non-uniform doping on random
telegraph noise in nanoscale Flash memories, considering both discrete RTN
traps and discrete channel dopants. For fixed average threshold voltage, the
statistical distribution of the random telegraph noise fluctuation amplitude is
studied with non-constant doping concentrations in the length, width or depth
direction in the channel, showing that doping increase at the active area edges
and retrograde and δ-shape dopings appear as the most promising profiles for
random telegraph noise suppression. To carry out this optimization study we
have adopted a floating-gate device template instead of a charge-trap device
template. The reasons for this choice are manifold: (i) as previously mentioned
and as will be shown in chapter 3, the statistical distribution of RTN insta-
bility is not influenced by the discrete electron storage in the nitride, (ii) no
comprehensive doping optimization studies are reported in literature for the

5H. Kurata et al, Symp. VLSI Circ. Dig., 140-141, 2006; K. Sonoda et al., IEEE Trans.
Electron Devices, 1918-1925, 2007; C. Monzio Compagnoni et al., IEEE Trans. Electron
Devices, 388-395, 2008; C. Monzio Compagnoni et al., IEEE Electron Dev. Lett., 984-986,
2009; J. P. Chiu et al., IEDM Tech. Dig., 843-846, 2009; H. H. Mueller et al., J. Appl. Phys.,
1734-1741, 1998; A. Asenov et al., IEEE Trans. Electron Devices, 839-845, 2003; N. Sano
et al., M. F. Bukhori et al., Microelectron. Reliab., 1549-1552, 2008; A. Ghetti et al., IEEE
Trans. Electron Devices, 1746-1752, 2009

6A. Ghetti et al., Proc. IRPS, 610-615, 2008; A. Ghetti et al, IEDM Tech. Dig., 835-838,
2008; A. Ghetti et al., IEEE Trans. Electron Devices, 1746-1752, 2009.
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floating-gate technology (that is the current technology in production), (iii) the
simulation of floating-gate devices is computationally less costly respect to the
charge-trap case.

The conclusions of this work will be summarized at the end of the manuscript,
outlining what has been accomplished and proposing some future work that can
extend and improve the understanding of the effects of variability on the charge-
trap memory performances.
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Carmine Miccoli, Federico Nardi, Davide Fugazza, Carlo Cagli, Simone Laviz-
zari, Mattia Boniardi, Ugo Russo, Andrea Bonfanti, Michele Ghidotti, Guido
Zambra and Daniele Ielmini: I shared with them joys and efforts that this period
has given us. My gratitude also goes to professor Andrea Lacaita that leads our
micro- and nano-electronic group. Last but not least the most sincere thanks
are for my family for all the aid and support they offered me.





Contents

Abstract v

Acknowledgments ix

1 The Flash memory technology 1

1.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1
1.2 The floating-gate device . . . . . . . . . . . . . . . . . . . . . . . 3

1.2.1 Charge injection mechanisms . . . . . . . . . . . . . . . . 7
1.2.2 ISPP programming algorithm . . . . . . . . . . . . . . . . 10
1.2.3 NOR and NAND architectures . . . . . . . . . . . . . . . 13
1.2.4 Scaling issues . . . . . . . . . . . . . . . . . . . . . . . . . 19

1.3 The charge-trap device . . . . . . . . . . . . . . . . . . . . . . . . 20
1.3.1 Technological feasibility . . . . . . . . . . . . . . . . . . . 27
1.3.2 Statistical variability sources . . . . . . . . . . . . . . . . 30

1.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 33

2 Resolving discrete charges in a TCAD framework 35

2.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35
2.2 Implications of a discrete doping . . . . . . . . . . . . . . . . . . 36
2.3 Discrete dopant models . . . . . . . . . . . . . . . . . . . . . . . 38

2.3.1 Charge smearing . . . . . . . . . . . . . . . . . . . . . . . 38
2.3.2 Sano’s model . . . . . . . . . . . . . . . . . . . . . . . . . 40
2.3.3 Quantum corrected model . . . . . . . . . . . . . . . . . . 43

2.4 A modified mobility model for atomistic simulation . . . . . . . . 47
2.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 56

3 ∆VT variability in charge-trap memories 57

3.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 57
3.2 Physics-based Modeling . . . . . . . . . . . . . . . . . . . . . . . 58

3.2.1 Numerical model implementation . . . . . . . . . . . . . . 58
3.2.2 One electron ∆VT statistical distribution . . . . . . . . . 60
3.2.3 Many electrons ∆VT statistical distribution . . . . . . . . 64

3.3 Scaling Analysis and Impact on Device Performance . . . . . . . 67
3.3.1 Scaling of the ∆VT distribution . . . . . . . . . . . . . . . 67
3.3.2 RTN instabilities . . . . . . . . . . . . . . . . . . . . . . . 74

3.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 76



xii CONTENTS

4 Programming variability in charge-trap memories 77

4.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 77
4.2 Programming dynamics and efficiency . . . . . . . . . . . . . . . 78

4.2.1 Physics-based numerical model . . . . . . . . . . . . . . . 79
4.2.2 Electron injection . . . . . . . . . . . . . . . . . . . . . . . 81
4.2.3 ∆VT transients and ISPP efficiency . . . . . . . . . . . . . 83
4.2.4 Scaling analysis . . . . . . . . . . . . . . . . . . . . . . . . 87

4.3 Programming variability . . . . . . . . . . . . . . . . . . . . . . . 89
4.3.1 Single-cell variability . . . . . . . . . . . . . . . . . . . . . 89
4.3.2 Many-cells variability . . . . . . . . . . . . . . . . . . . . 93
4.3.3 Sub-poissonian nature of the charge injection statistical process 95
4.3.4 Accuracy limitations to the programmed VT . . . . . . . . 99

4.4 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 99

5 Doping Engineering for RTN suppression in Flash memories 101

5.1 Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 101
5.2 Numerical model . . . . . . . . . . . . . . . . . . . . . . . . . . . 102
5.3 Simulation results . . . . . . . . . . . . . . . . . . . . . . . . . . 103

5.3.1 Doping variations along L and W . . . . . . . . . . . . . 104
5.3.2 Vertically non-uniform dopings . . . . . . . . . . . . . . . 107

5.4 Correlation between RTN and VT variability . . . . . . . . . . . . 109
5.5 Conclusions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 111

Conclusions 113

Bibliography 117

List of publications 131

Index 133



Chapter 1

The Flash memory

technology

This chapter briefly introduces the semiconductor non-volatile
Flash memory. An overview of the floating-gate Flash technol-
ogy is given in the first part of the chapter, pointing out the main
scaling limits for both NAND and NOR architectures. Then the
charge-trap technology is presented, highlighting its potential ben-
efits in terms of reliability, scaling perspective and technological
feasibility. The end of the chapter is devoted to present the main
sources of statistical variability affecting the charge-trap device, as
their impact on the cell electrical behavior is the topic of this PhD
thesis.

1.1 Introduction

C
omplementary metal-oxide-semiconductor (CMOS) memories can be di-
vided into two main categories (Fig. 1.1): random access memories (RAM),

which are volatile, and read-only memories (ROM), which are nonvolatile. Non-
volatile memory market share has been continuously growing in the past twenty
years. This is due to a simple virtuous circle: the costs per bit of memory
decrease with the size scaling (Fig. 1.2(a) and Fig. 1.2(b)), paving the way
for new applications and market segments; under the pressure of the new au-
dio/video/phones segments, the demand of BMb/year is set to grow exponen-
tially . In particular, a great influence is played today by the “Applications
Convergence”, a concept that find the most striking example in devices like
the IPod or the IPhone (Fig. 1.3(a) and Fig. 1.3(b)). However, it should be
pointed out that the costs of the leading edge lithography tools increase expo-
nentially with the technology scaling (Fig. 1.4(a)). For this reason the memory
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cost could undergo a reversal of the trend in the next future (Fig. 1.4(b)). A
possible solution to overcome this problem is believed to be the 3D-stacking
approach, presented later in this chapter.

Figure 1.1: CMOS family memory devices. Left branch represents volatile memories, right
branch non-volatile memories.

(a) Technological scaling trend for
Flash and DRAM memories.

(b) Costs scaling trend for Flash and DRAM
memories.

Figure 1.2: [ITRS and iSupply.]

Among the several semiconductor memories, DRAMs lead the volatile mem-
ories market, while Flash memories (in which a single cell can be electrically pro-
grammable and a large number of cells, called sector, are electrically erasable at
the same time) dominate the non-volatile sector (Fig. 1.5) due to their enhanced
flexibility against electrically programmable read-only memories (EPROM), which
are electrically programmable but erasable via ultraviolet (UV) exposure. Elec-
trically erasable and programmable read-only memories (EEPROM), which are
electrically erasable and programmable per single byte, have been manufactured
for specific applications only, since they use larger areas and, therefore, are more
expensive.

Flash memories have two major applications. One application (code appli-
cation) is related to the nonvolatile memory integration in logic systems and
microprocessors to allow software updates, store identification codes, or real-
ize smart cards. The other application (data application) is to create storing
elements, like memory boards or solid state hard disks. In particular, Flash
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(a) The Applications Convergence concept
leads the semiconductor memory market
growth.

(b) The request of semiconductor memo-
ries showed a growth rate around 100% in
the last few years.

Figure 1.3: [NVM Tutorial 2010, D. Ielmini, Politenico di Milano.]

(a) Exponentially increase of the lithogra-
phy costs with the memory technology scal-
ing.

(b) Forecast of the trend reversal for the
memory costs scaling curve.

Figure 1.4: [Toshiba, H. Tanaka et al. VLSI Symposium 2007.]

memories with NOR architecture (which have faster access times and better re-
liability) are employed for code application, while Flash memories with NAND
architecture (which have higher integration density but slower access times) are
suitable for the storage application. The market evolution of the last few years
is leading to an ever increasing growth of the NAND sector (Fig. 1.5), while the
NOR sector shows a growth saturation.

1.2 The floating-gate device

A Flash memory is based on a MOS transistor with a threshold voltage that can
change repetitively from a high to a low state, corresponding to the two states of
the memory cell, i.e., the binary values (1 and 0) of the stored bit. Cells can be
written into either state “1” or “0” by either programming or erasing methods,
and they have to store the information independently of external conditions to
meet the nonvolatile requirement.

The main idea of a floating-gate (FG) device is to store an amount of charge
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Figure 1.5: Flash and DRAM devices dominate the semiconductor memory market [chan-
neltimes.com].

(a) Schematic cross section of a generic
FG device.

(b) Energy Band diagram of a generic
floating-gate device.

Figure 1.6: [1]

in a poly-silicon well buried in the gate oxide of a MOSFET. Indeed, the MOS-
FET threshold voltage can be written as [1, 2]:

VT = K − Q

Cox
(1.1)

where K is a constant that depends on the gate and substrate material,
doping, and gate oxide thickness, Q is the charge weighted with respect to its
position in the gate oxide, and Cox is the gate oxide capacitance. As can be
seen, the threshold voltage of the memory cell can be altered by changing the
amount of charge present between the gate and the channel.

Fig. 1.6(a) shows the schematic cross section of a generic FG device: the
upper gate is the control gate and the lower gate, completely isolated within
the gate dielectric, is the FG. The FG acts, energetically, as a potential well. If
a charge is forced into the well, it cannot move from there without applying an
external force: the FG stores charge, and then the information (Fig. 1.6(b)).

The simple model shown in Fig. 1.6(a) helps to understand the electrical
behavior of an FG device. Here CFC , CS , CD and CB are the capacitances
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between the FG and control gate, source, drain, and substrate regions, respec-
tively. Consider the case when no charge is stored in the FG, i.e. Q = 0:

Q = 0 = CFC(VFG − VCG) +CS(VFG − VS) +CD(VFG − VD) +CB(VFG − VB)
(1.2)

where VFG is the potential on the FG, VCG is the potential on the control
gate, VS , VD, VB are potentials on source, drain, and bulk, respectively. If we
name CT = CFG + CD + CS + CB the total capacitance of the FG, and we
define αJ = CJ/CT the coupling coefficient relative to the electrode J, then the
potential on the FG due to capacitive coupling is given by

VFG = αGVCG + αDVD + αSVS + αBVB (1.3)

It should be noted that (1.3) shows that the FG potential does not depend
only on the control gate voltage but also on the source, drain, and bulk po-
tentials. If the source and bulk are both grounded, (1.3) can be rearranged
as

VFG = αG

(

VGS +
αD

αG
VDS

)

= αG(VGS + f · VDS) (1.4)

where

f =
αD

αG
=

CD

CFG
(1.5)

Device equations for the FG MOS transistor can be obtained from the con-
ventional MOS transistor equations by replacing MOS gate voltage with FG
voltage and transforming the device parameters, such as threshold voltage VT

and conductivity factor β, to values measured with respect to the control gate.
If we define for VDS = 0

V FG
T = VT (floating gate) = αGVT (control gate) = αGV

CG
T (1.6)

and

βFG = β(floating gate) =
1

αG
β(control gate) =

1

αG
βCG (1.7)

it is possible to compare the current-voltage equations of a conventional and
an FG MOS transistor in the triode region (TR) and in the saturation region
(SR) [3].

Conventional MOSFET:

TR |VDS | < |VGS − VT |

ID = β

[

(VGS − VT )VDS −
1

2
V 2

DS

]

(1.8)

SR |VDS | ≥ |VGS − VT |

ID =
β

2
(VGS − VT )2 (1.9)
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FG MOSFET:

TR |VDS | < αG|VGS + fVDS − VT |

IDS = β

[

(VGS − VT )VDS −
(

f − 1

2αG

)

V 2
DS

]

(1.10)

SR |VDS | ≥ αG|VGS + fVDS − VT |

IDS =
β

2
αG(VGS + fVDS − VT )2 (1.11)

where β and VT of (1.10)-(1.11) are measured with respect to the control
gate rather than with respect to the FG of the stacked gate structure. They are
to be read as β(control gate) = βCG and VT (control gate) = V CG

T .
It should be noted that the capacitive coupling between drain and floating

gate makes different the behavior of the FG MOSFET respect the conventional
MOSFET [3]. For example, the FG transistor can go into depletion-mode oper-
ation and can conduct current even when |VGS | < |VT | (drain turn-on); more-
over the FG MOSFET drain current will continue to rise as the drain voltage
increases and saturation will not occur, contrary to the saturation region of a
conventional MOSFET where the drain current is essentially independent of the
drain voltage.

It should be noted also that the capacitive coupling ratio f depends on CD

and CFC only, and its value can be verified by f = − ∂VGS

∂VDS (IDS=cost)
in the

saturation region
Many techniques have been presented to extract the capacitive coupling ra-

tios from simple dc measurements [4–6]. The most widely used methods [7, 8]
are (1)linear threshold voltage technique, (2) subthreshold slope method, and
(3) transconductance technique. These methods require the measurement of
the electrical parameter in both a memory cell and in a dummy cell, i.e., a
device identical to the memory cell, but with floating and control gates con-
nected. By comparing the results, the coupling coefficient can be determined.
Other methods have been proposed to extract coupling coefficients directly from
the memory cell without using a dummy one, but they need a more complex
extraction procedure [9–11].

Let us consider the case when charge is stored in the FG, i.e. Q̄ 6= 0. All
the other hypotheses made above hold true. Equations (1.4), (1.6) and (1.10)
respectively, become

VFG = αGVGS + αDVDS +
Q̄

CT
(1.12)

V CG
T =

1

αG
V FG

T − Q̄

CTαG
=

1

αG
V FG

T − Q̄

CFC
(1.13)

IDS = β

[(

VGS − VT −
(

1− 1

αG

)

Q̄

CT

)

VDS+

+

(

f − 1

2αG

)

V 2
DS

]

(1.14)
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Figure 1.7: IV curves of an FG device when there is no charge stored in the FG (curve A)
and when a negative charge is stored in the FG (curve B) [12]

Equation (1.13) shows the VT dependence on Q̄. In particular, the threshold
voltage shift is derived as

△VT = VT − VT0 = − Q̄

CFC
(1.15)

where VT0 is the threshold voltage when Q̄ = 0.
Equation (1.14) shows that the role of injected charge is to shift the IV

curves of the cell (Fig. 1.7). In modern devices, a constant-current method
is usually used to read the memory state: the threshold voltage is determined
when a drain current of a fixed value (in the order of hundreds of nA to work
in the sub-threshold region) is reached.

1.2.1 Charge injection mechanisms

In order to program (erase) a Flash memory cell, electric charge has to be trans-
ferred from the channel to the floating gate (and viceversa) through a dielectric
material. To this aim, two physical mechanisms can be exploited: the Channel
Hot Electron (CHE) injection and the Fowler-Nordheim (FN) tunneling.

Channel Hot Electron Injection: is the mechanism used for program-
ming NOR Flash memories. An electron traveling from the source to the drain
gains energy from the lateral electric field and loses energy to the lattice vibra-
tions (acoustic and optical phonons). At low fields, this is a dynamic equilibrium
condition, which holds until the field strength reaches approximately 100 kV/cm
[15]. For fields exceeding this value, electrons are no longer in equilibrium with
the lattice, and their energy relative to the conduction band edge begins to
increase. Electrons are heated by the high lateral electric field, and a small
fraction of them have enough energy to surmount the barrier between oxide and
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(a) A schematic energy band diagram
describing the three processes involved
in the hot electron injection

(b) Channel, substrate and gate cur-
rents as a function of FG voltage.

Figure 1.8: [1]

silicon conduction band edges. It is not then a tunneling mechanism since elec-
trons do not “pass through” the energy barrier but “jump over” it. To evaluate
how many electrons will actually cross the barrier, one should know the energy
distribution fE(ε, x, y) as a function of lateral field ε, the momentum distribu-
tion fk(E, x, y) as a function of electron energy E (i.e., how many electrons are
directed toward the oxide), the shape and height of the potential barrier, and
the probability that an electron with energy E, wave vector k, and distance d
from the Si/SiO interface will cross the barrier. Each of these functions needs
to be specified in each point of the channel. A quantitative model, therefore,
is very heavy to handle. Moreover, when the energy gained by the electron
reaches a threshold, impact ionization becomes a second important energy-loss
mechanism [13], which needs to be included in models. A simpler approach
to obtain a first order evaluation of the hot electron gate current is based on
the lucky electron model [14]. This model assess the probability of an electrons
being lucky enough to travel ballistically in the field ε for a distance several
times the mean free path without scattering, eventually acquiring enough en-
ergy to cross the potential barrier if a collision pushes it toward the Si/SiO2

interface. Consequently, the probability of injection is the lumped probability
of the following events, which are depicted in Fig. 1.8(a). Although this simple
model does not fit precisely with some experiments, it allows a straightforward
and quite successful evaluation of the relationship between the substrate current
and the injection current:

IG/Ich ∼ Isub/Iche
−Φ/Φi (1.16)

where Ich is the channel current, Φi is the impact ionization energy and
Φ the energy barrier seen from electrons (lowered by the image force). The
substrate current is composed of holes generated by impact ionization in the
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(a) FN tunneling through a potential
barrier in a MOS structure.

(b) FN tunneling current as a function
of electric field.

Figure 1.9: [1]

drain region. Holes are always generated since the energy ionization threshold
(∼ 1.6 eV) is lower than the injection energy barrier (∼ 3.1 eV). Moreover, some
holes can acquire enough energy from the lateral electric field to be injected
into the oxide, thus degrading it. Although the CHE represents a very fast
injection mechanism, it is very inefficient and leads to large power consumption,
as understandable from Fig. 1.8(b).

Fowler-Nordheim Tunneling: is the mechanism used for programming
NAND Flash memories and erasing both NAND and NOR devices. It is slower
than the hot carrier injection mechanism, but more efficient because no ex-
cess substrate currents are generated. The probability of electron-tunneling
depends on the distribution of occupied states in the injecting material and on
the shape, height and width of the potential barrier. However, in presence of
thin dielectric layers and high applied voltages, the energy barrier seen from
electron for tunneling has a simple triangular shape (Fig. 1.9(a)). In this case,
using a free electron gas to model the electron population in the injecting mate-
rial and the Wentzel-Kramers-Brillouin (WKB) approximation to calculate the
tunneling probability, the well-known analytical Fowler-Nordheim formula can
be obtained

J =
q3F 2

16π2h2ΦB
exp

[

−4(2m∗

ox)1/2Φ
3/2
B /3h̄qF

]

(1.17)

where ΦB is the barrier height, m∗

ox the effective mass in the dielectric, h
the Planck’s constant, q the electron charge, and F the electric field across the
dielectric.

Fig. 1.9(b) shows log(J) vs F . Since the field is roughly the applied voltage
divided by the oxide thickness, a reduction of oxide thickness without a propor-
tional reduction of applied voltage produces a rapid increase of the tunneling
current. With a relatively thick oxide (20nm) one must apply a high voltage
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(20V) to have an appreciable tunnel current. With thin oxides, the same cur-
rent can be obtained by applying a much lower voltage. An optimum thickness
(about 10 nm) is chosen in present devices, which use the tunneling phenomenon
to trade off between performance constraints (programming speed, power con-
sumption, etc.), which would require thin oxides, and reliability concerns, which
would require thick oxides.

Although the simple and classic form of FN current density is in quite good
agreement with experimental data, many features have been still undervalued:
the temperature dependence of the phenomenon, the quantum effects at the
silicon interface, the influence of band bending at the Si/SiO2 interface and the
voltage drop in silicon, the fact that the correct statistics for electrons are not
Maxwellian but FermiDirac, and the image-force barrier lowering. Nevertheless,
following a quantum approach it is possible to maintain the FN relationship as
valid

J = A · F 2exp[−B/F ] (1.18)

on condition that, in this case, the coefficient A and B are functions of the
applied electric field [15–17].

Recently the Fowler-Nordheim formula has been extended also to cylindrical
geometry [18, 19] allowing the analytical computation of current densities in
gate-all-around MOS devices.

1.2.2 ISPP programming algorithm

Whatever is the charge injection mechanism used for programming a memory
cell, some programming scheme is required to achieve a strict control of the pro-
grammed threshold voltage. This is mandatory for the multi-level applications,
where the placing of more than two bit for each cell requires very narrow thresh-
old voltage distributions to be obtained. For a population of nominal identical
cells, an accurate threshold voltage programming could be simply achieved, in
theory, by an accurate control of the applied gate voltage and the program-
ming duration. However in a realistic memory array, cells differ from each other
because of the process spread, introducing for example a spread in the tunnel
oxide thickness and in the initial threshold voltage value. Moreover, the thresh-
old voltage value at a given time depends also from the cell’s previous history,
as different cells can loose, for example, different amounts of charge during
the retention time. Thus, in practice, an adequately reproducible and narrow
threshold voltage distribution cannot be achieved using a single programming
pulse having a controlled amplitude and duration.

The most widely adopted solution to obtain the necessary programming pre-
cision, is that of dividing the program operation in a number of partial steps
and at the end of each of them reading the cell (with the same circuitry used
for the normal sensing operation) in order to determine whether or not the
target threshold voltage is reached (Fig. 1.10). If it is not the case, another
programming pulse of increased amplitude is applied to the gate and the whole
procedure is repeated until successful completion. This algorithm is usually
referred as Incremental Step Pulse Programming (ISPP) or also Program and
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Figure 1.10: Schematic representation of the Incremental Step Pulse Programming algo-
rithm.

Figure 1.11: Example for a control-gate voltage waveform used to program a FG cell and
resulting VT transient on a 60nm device.

Verify scheme [20, 21]. Beside the programming precision, this algorithm of-
fers also reliability advantages because only the minimum required charge flows
through the tunnel oxide.

After an initial transient, a typical linear relation links the threshold voltage
shift to the applied gate voltage (and in turn to the number of applied pulses)
during the ISPP algorithm, as shown in Fig. 1.11. It should be noted that
the slope ∂∆VT /∂VG is unitary for the floating-gate device [20–23], as expected
from a straightforward analysis. Indeed, assuming a grounded substrate, we can
express the electric field across the tunnel oxide as:
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Figure 1.12: Typical threshold voltage shift as a function of the gate voltage (i.e. as a
function of the number of programming pulses) for a floating-gate device and for a charge
trap device.

Fox =
VFG

Ttop
(1.19)

where Ttop is the gate oxide thickness. Considering that VFG can be written
as

VFG = αG (VG −∆VT ) (1.20)

we obtain

Fox =
αG (VG −∆VT )

Ttop
(1.21)

and finally

∂∆VT

∂VG
= 1− Ttop

αG

∂Fox

∂VG
(1.22)

that means that the slope ∂∆VT /∂VG is equal to 1 if the field Fox is constant
during the ISPP staircase. The fact that, after an initial transient, the field Fox

reaches a stationary condition can be easily understood: in fact an increase of
∆VT lower than an increase of VG would mean an increase in the field Fox and
in turn an increase in the injected charge and then and increase in ∆VT . Hence,
after an initial transient, the expected regime slope is 1.

On the other hand, for charge-trap memories (presented in the next section)
it has been always reported a threshold variation per step lower than Vs (i.e.
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Figure 1.13: NAND and NOR performances comparison [Toshiba].

∂∆VT /∂VG < 1 ) [24, 25], as exemplified in Fig. 1.12. This behavior is anoma-
lous because the above mentioned analysis holds also for charge-trap devices,
provided that the tunnel oxide electric field is written as:

Fox =
VG −∆VT

EOT
(1.23)

where EOT is the equivalent oxide thickness of the gate stack dielectric.
Hence, also for these devices the expected ISPP slope is unitary.

The explanation of this anomaly is not trivial. Some attempt to understand
this behavior, in terms of electron trapping inefficiency, was made in [26]. How-
ever, in chapter 4 of this thesis we will demonstrate that the sub-unitary ISPP
slope value can be explained in terms of the low impact of trapped electrons on
the threshold voltage shift due to 3D electrostatics effects.

Finally we want to point out that the theoretical programming accuracy of
the ISPP algorithm is given by the voltage increase per step (Vs in Fig. 1.10).
Indeed, neglecting errors due to sense amplifier accuracy or voltage statistical
fluctuations, the last program pulse applied to a cell will cause its threshold
voltage to be shifted above the decision verify level by an amount at most as
large as Vs (or even less than Vs for the charge-trap device).

1.2.3 NOR and NAND architectures

In order to achieve high memory capacity per chip, several memory devices have
to be organized in array structures. There are two dominant array organiza-
tions used today for Flash memories: NOR and NAND architectures. In the
internal circuit configuration of NOR Flash, the individual memory cells are
connected in parallel, which enables the device to achieve random access. This
configuration enables the short read times required for the random access of
microprocessor instructions. NOR Flash is ideal for lower-density, high-speed
read applications, which are mostly read only, often referred to as code-storage
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Figure 1.14: Schematic, layout and cross-section of NAND and NOR array organization.

applications. NAND Flash was developed as an alternative optimized for high-
density data storage, giving up random access capability in a tradeoff to achieve
a smaller cell size, which translates to a smaller chip size and lower cost-per-bit.
This was achieved by creating an array of several memory transistors connected
in a series. Utilizing the NAND Flash architectures high storage density and
smaller cell size, NAND Flash systems enable faster write and erase by program-
ming blocks of data. NAND Flash is ideal for low-cost, high-density, high-speed
program/erase applications, often referred to as data-storage applications. Fig.
1.13 provides a qualitative summary of how NAND and NOR Flash vary for a
number of important design characteristics: capacity, read speed, write speed,
active and standby power consumption, cost-per-bit, and ease of use for file
storage and code storage applications.

NOR architecture was proposed for the first time by Dr. Masuoka (Toshiba)
in 1980. The schematic, the layout and the cross-section of this array organiza-
tion are shown in Fig. 1.14 (right), while Fig. 1.15 shows the typical threshold
voltage distributions for erased and programmed cells. It is peculiar of NOR ar-
chitecture that the erase cells have always a positive threshold voltage to avoid
the presence of cells in the ON state (also when non selected) precluding the
correct reading operation of a selected cell in the same bit-line. To read a cell,
the selected word-line voltage is raised and the selected bit-line is connected
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Figure 1.15: Qualitative threshold voltage distributions for erased and programmed cells in
a NOR architecture.

Figure 1.16: Qualitative threshold voltage distributions for erased and programmed cells in
a NAND architecture.

to the sense amplifier: only if the cell is in the erased status, a current flow is
measured at the sense amplifier. To program a cell (by means of the channel hot
electron injection), both bit-line voltage and word-line voltage are raised in or-
der to create hot electrons with the electric field between source and drain, and
inject them through the tunnel oxide with the electric field between channel and
gate. The erase operation is not applied to a single cell but to a whole sector:
in this case the sector is first programmed to bring the cells to the same high
threshold voltage value and then the substrate voltage (common to all the cells
in the sector) is raised to remove the electrons from the floating gates by means
of the FN tunneling mechanism. A issue for NOR architecture is represented
by the over-erasing phenomenon: faster cells (e.g. that with a thinner tunnel
oxide) risk to reach a negative erased threshold. To avoid this problem, all the
sector is checked after the erase operation and the cells with negative threshold
voltage are soft-programmed to correct their threshold value. The presence of
the source and drain contact for each cell and the poor scalability of their junc-
tion (which have to avoid punch-through phenomena during the CHE injection)
are the reasons that make the NOR device unable to meet the data-storage mar-
ket requirements. On the other hand, the high reading speed and the random
accessibility make the NOR device suitable for the code-storage.

NAND architecture was proposed again by Dr. Masuoka (Toshiba) in
1987. The schematic, the layout and the cross-section of this array organiza-
tion are shown in Fig. 1.14 (left), while Fig. 1.16 shows the typical threshold
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voltage distributions for erased and programmed cells. In this case, unlike NOR
devices, the threshold voltage of erased cells is negative. The serial organization
complicate the reading operation (Fig. 1.17). There are three phase to read
a cell: pre-charging,evaluation and sensing. The cell to be read out is first se-
lected, setting the corresponding word-line voltage to zero (Vread = 0 V). The
selected bit-line is then pre-charged (due to the parasitic capacitance) turning
on the source and drain selectors and then is left floating to evaluate the se-
lected cell status: only if the selected cell is in an erased status, a current flows
toward ground discharging the pre-charged bit-line. In this way the cell status
can be read during the sensing phase, when the source and drain selectors are
turned off, reading the voltage present on the bit-line. In order to make the
bit-line discharging dependent only on the selected cell, a voltage Vpass (higher
than the maximum threshold voltage) is applied to the other word lines. The
programming operation is realized by means of the FN tunneling, and require
high voltages (∼ 20V ) to be applied across the tunnel oxide layer. To this aim,
the channel of the selected cell is grounded, grounding the corresponding bit-
line with the drain selector ON and the source selector OFF. The word-lines of
unselected cells are raised to a voltage high enough to allow the inversion of each
channel (to have a uniformly grounded bit-line), but low enough to avoid a FN
programming of these cells (Fig. 1.18). On the other hand, to avoid the pro-
gramming of unselected cells placed on the same word-line of the selected cell, a
self-boosting technique is used (Fig. 1.19): this technique provides the necessary
program inhibit voltage by electrically isolating the unselected bit-lines (after
pre-charge) and applying a pass voltage (e.g. 10 V) to the unselected word-
lines during programming. The unselected word-lines couple to the channel of
the NAND strings corresponding to the unselected bit lines, causing a voltage
(e.g. 8 V) to be impressed in the channel of the unselected bit lines, thereby
preventing program disturbs. It should be mentioned that usually an incremen-
tal step pulse programming (ISPP) algorithm is used to program the selected
cell: pulses of increases amplitude are applied to the gate, followed by verify
operations to determine whether a target threshold voltage is reached or not;
if the target threshold is reached then the algorithm stops, otherwise another
pulse is applied. Finally, the erasing operation is carried on by sectors, simi-
larly to the NOR case. Since in the NAND architecture only one source/drain
contact is present for each string, the cells have smaller dimensions than NOR
cells: this allows the NAND devices to be better scaled, making this architec-
ture suitable for the data-storage. On the other hand, the complexity of the
reading operation and the necessity to read all the cells on the same word-line
(∼ tens of thousands) make the NAND device unable to meet the code-storage
market requirements. It should be noted that, due to the array organization,
several disturbs can affect the reading, programming and erasing operation:
these disturbs are briefly reported in Figs. 1.20(a)-1.20(d).
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Figure 1.17: NAND read out operations: pre-charge, evaluation, sense.

Figure 1.18: NAND program operation.

Figure 1.19: Self-boosting technique used to reduce the program disturb along the selected
word-line.
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(a) Read disturb affecting the unse-
lected word-lines and all bit-lines.

(b) Pass disturb affecting the unse-
lected cells of the selected bit-line.

(c) Program disturb affecting the unse-
lected cells on the selected word-line.

(d) Erase disturb affecting the unse-
lected neighbor sectors.

Figure 1.20:

(a) Active area struc-
ture for an optimized
25nm FG memory cell.

(b) STI structure bend-
ing after the SOD (Spin
On Dielectric) applica-
tion.

(c) Deformed DMI
structure for a 40nm
cell after metallization.

Figure 1.21: [27]
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(a) The capacitive coupling between ad-
jacent cells is a major limit for the FG
device scaling.

(b) Relative threshold voltage shift due
to the interference between adjacent
floating-gates as a function of technol-
ogy node.

Figure 1.22: [27]

1.2.4 Scaling issues

The size scaling of nonvolatile floating-gate Flash memories below 30nm presents
several kind of issues. It is necessary, in fact, to take into account (a) the
mechanical integrity of the device structures, (b) the problem related to the
floating-gate scaling, (c) the coupling noise between closer cells in the same
array.

Mechanical and structural integrity. As reported in Figs. 1.21(a)-
1.21(c), shared structures between more cells -such as STI (Shallow Trench
Isolation) o DMI (Damascene Metal Patterning)- can be subject to collapse or
to bending under mechanical/thermal/electrostatic stress.

Capacitive interference between adjacent cells. This interference phe-
nomenon related to the capacitive coupling between adjacent cells is a major
limiting factor for the conventional floating-gate Flash memory scaling (Fig.
1.22(a)). The programming operation of one cell induces a disturb in the eight
neighbors cells, causing an unwant shift of their threshold voltage. As shown in
Fig. 1.22(a), this threshold voltage shift can reach over the 50% of the actual
threshold voltage value for the 20nm technology node.

Charge losses through the tunnel oxide defects. The tunnel oxide
thickness scaling is limited by the Stress Induced Leakage Current (SILC) phe-
nomenon. The continuous program/erase cycling induces, in fact, defects on
the tunnel oxide layer. These defects promote the charge loss from the floating-
gate to the substrate by Trap Assisted Tunneling (TAT) (Fig. 1.23(a))1. This
worsens the device retention performances, but also enhances the read/program
disturbs. The tunnel oxide thickness is usually limited to 7nm. This limita-
tion is more strict for scaled devices since the number of stored electrons in the
floating-gate is exiguous (Fig. 1.23(b)).

Variability. A number of variability sources acquires more importance as
the floating-gate cell dimensions are scaled down. Several of these sources in-

1Multiple traps aligned in space and energy can form direct charge loss paths, called
percolative paths.
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(a) Energy band diagram and schematic repre-
sentation of the TAT mechanism.

(b) Number of electrons in the
floating-gate as a function of
the technology node.

Figure 1.23: [27]

creases proportional to 1/WL, showing a rising of 30-50% for each technological
node. Among them we can enumerate: the random dopant fluctuation, the ran-
dom telegraph noise, the poly-silicon gate granularity, the line-edge roughness.
The variability sources will be introduced in the next section where we will
address the statistical variability of charge-trap memories.

Scaling Flash vs. Scaling CMOS. It should be noticed that the Flash de-
vice requires high programming/erasing voltages. If the scaling of conventional
MOS transistor goes hand in hand with the scaling of applied voltages, this can-
not be true for the floating-gate MOS. Indeed, the charge injection mechanisms
require voltages depending on non-scalable parameters, such as the silicon-oxide
barrier (3.1eV) and the oxide thickness (> 7nm).

1.3 The charge-trap device

The floating-gate Flash technology scaling issues are particularly severe for the
NAND architecture. This architecture allows a high density of devices per chip
and it is indeed used for data-storage applications. However, for the same reason,
this architecture suffers more than the other from the capacitive interferences
problem.

As visible from the ITRS (International Technology Roadmap for Semicon-
ductors) projections reported in Fig. 1.24, the charge-trap memory cell is
considered today the most practical evolution of the floating-gate Flash cell
for NAND architectures, allowing improved reliability and scaling perspectives.
Stress-induced leakage current immunity, strongly reduced cell-to-cell parasitic
interference, and the possibility to decrease the thickness of the gate dielec-
tric stack and, therefore, the program/erase (P/E) biases appear as the main
promises of the charge-trap technology [28]. In a charge trap memory device

• the charge is stored in the electronic defects of an high defects-density
material (e.g. Si3N4);

• it is not required the lithographic definition of a floating gate during the
process flow (Fig. 1.25): the memory stack consist of a dielectric tri-
layer between substrate and gate. This stack is then more scalable in
comparison to a structure with a floating-gate;
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Figure 1.24: 2009 ITRS forecasting for the post-FG memory scenario.

Figure 1.25: Process flow for a TANOS memory cell; (a) TANOS cell TEM; (b) peripheral
transistor TEM. [ [29]]

• cell-to-cell capacitive interferences are sensibly reduced, because the trap-
ping layer is a dielectric material (instead of a semiconductor) and because
its thickness (∼ 5nm) is by far less than a floating-gate thickness (∼ 70nm)

A thin (∼ 4nm) silicon dioxide layer is always used as tunnel oxide, while sil-
icon dioxide or high-k materials (e.g. Al2O3 ) are used as top dielectric (blocking
oxide). The trapping layer is usually silicon nitride, though also high-k mate-
rials (e.g. HfO2 ) are employed. Polysilicon or metal (e.g. TaN) are adopted
as gate electrode. Depending on the materials employed for the blocking ox-
ide and for the gate electrode, several names are adopted in literature for the
charge-trap device: SONOS (PolySi-Oxide-Nitride-Oxide-Si), SANOS (PolySi-
AlO-Nitride-Oxide-Si), TANOS (TaN-AlO-Nitride-Oxide-Si) (Fig. 1.26). Both
programming and erasing are realized by FN tunneling, this kind of device be-
longing to the NAND type memories.

Contrary to what was previously said for the floating-gate device, in charge-
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Figure 1.26: Schematic representation of SONOS, SANOS and TANOS stacks.

trap devices the tunnel oxide is scalable below 7nm. Indeed, electrons are
trapped in non-communicating traps in the nitride layer: this assure the SILC
immunity because, if some defect is present in the tunnel oxide, only the traps
spatially and energetically near to the defect can be discharged. However, it is
impossible to use thicknesses below 4nm if the requirement of 10years of data
retention has to be meet, because direct-tunneling start to play an important
role below 4nm [30]. On the other hand, a tunnel oxide thicker than 4nm
make the program/erase operations slow: this problem can be solved using an
high-k material (Al2O3) as top dielectric. Figs. 1.27(a) and 1.27(b) show the
enhanced erasing performances of a TANOS stack compared to SONOS and
SANOS stacks [30]. In these figures it is also shown the erase saturation phe-
nomenon, appearing when the fraction of electrons extracted from the nitride
equals the fraction of electrons injected from the gate during the erase opera-
tion. The adoption of an high work-function metal gate solves this problem. The
erase saturation level decreases increasing the work-function of the metal (Fig.
1.28) [30]. Finally, Fig. 1.29 shows the increased performance for programming
obtained with the employment of an high-k top oxide.

BE-SONOS. Another interesting solution proposed in literature to enhance
the program/erase/retention performances of a charge-trap device is based on
the so called Band-Gap Engineering (BE) [32]. In a BE-SONOS the tunnel
oxide is substituted by an ultrathin (∼ 5nm) oxide-nitride-oxide tri-layer, as
shown in Fig. 1.30.

The structure O1/N1/O2 represents a crested tunnel barrier : it suppresses
the direct tunneling at low fields (e.g. retention conditions), but enhances an
highly efficient electrons injection during program and and highly efficient holes
injection during erase (Fig. 1.31(a) e Fig. 1.31(b)). In [32] it was demonstrated
a wide threshold voltage window (>6V) enabling the employment of this device
for multi-level applications. It should be noted that the N1 nitride layer does
not contribute to the charge trapping since nitride layers thinner than 2nm do
not exhibit trapping properties [32].

Moreover, the endurance tests and the retention tests show promising results
for the BE devices (Fig. 1.32(a) and Fig. 1.32(b)).

3D-stacking approach. As the ITRS roadmap shows (Fig. 1.24), three-
dimensional architectures appear today as the most viable solutions for the
integration of non-volatile memory cells in Terabit arrays [33–38] (Fig. 1.33).
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(a) Energy band diagram during the
erase operation for a SANOS (solid)
and a SONOS (dashed) device (top)
and for a TANOS device (bottom).

(b) Threshold voltage shift during erase
operation for a SANOS (top) and a
TANOS (bottom) device.

Figure 1.27: [30]

Figure 1.28: The erase saturation level as a function of the metal gate work-function.
Metals employed for the gate are: Al, TiAl, Pd and Au with work function 4.1, 4.5, 4.9, 5.1
respectively [31]

In these architecture, several layers of memory cells, featuring a vertical channel
and a gate-all-around geometry, are realized in the same wafer. Exploiting
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Figure 1.29: Program performances enhancement for the TANOS stack when compared to
the SANOS stack. [30]

Figure 1.30: BE-SONOS memory stack. [32]

the vertical direction, the planar scaling constraints can be relaxed obtaining,
nevertheless, a high-density integration.

The increasing emphasis on 3D NAND comes as the cost of advancing planar
2D NAND to the next technology node lithography in particular may be pro-
hibitive (Fig. 1.4(a)). 3D NAND could come in with a 55nm half pitch, possible
using a dry lithography tool-set. And the basic steps are fairly straightforward.
Indeed, once several layers are deposited, just one lithographic/etching step is
necessary to form a vertical channel common to several cells (Fig. 1.34(a)).

In particular, the gate-all-around (GAA) cell (Fig. 1.34(b)) with vertical
channel is considered one of the most promising structures for future NAND
Flash technologies, showing improved program/erase and retention performance
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(a) Energy band diagram of the crested
barrier tunneling tri-layer employed in
BE-SONOS memory stack during re-
tention.

(b) Energy band diagram of the crested
barrier tunneling tri-layer employed
in BE-SONOS memory stack during
erase.

Figure 1.31: [32]

(a) BE-SONOS cells endurance perfor-
mance.

(b) BE-SONOS cells retention perfor-
mance.

Figure 1.32: [32]

with respect to planar devices [39–42]. Moreover, thanks to the reduction of
corner and fringing field effects during both program/erase and read, GAA-CT
cells allow more uniform trapped charge distributions in the storage layer and
provide, in turn, steeper incremental step pulse programming (ISPP) transients
than planar cells [24, 25].
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Figure 1.33: Schematic representation of different approaches to the 3D memory stacking.
(Source: Applied Materials)

(a) TEM image of three
vertical channels connecting
several layers of memories
in a 3D-stacked architec-
ture.

(b) Schematic representation of a gate-all-around charge-
trap memory cell.

Figure 1.34:
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1.3.1 Technological feasibility

Several studies about the technological feasibility on real chips were reported
during these years for the charge-trap memory devices. All these studies show
that the charge-trap technology is feasible and controllable.

Fig. 1.35(a) and 1.35(b) show respectively a SEM and a TEM image of
a section of a 4Gb charge-trap NAND array realized for the 63nm technol-
ogy node (ArF lithography + phase change masks + optical proximity correc-
tion)(pattern 126nm on word-line e 130nm on bit-line) [43]. Fig. 1.36(a) shows
the chip prototype, while Fig. 1.36(b) shows the threshold voltage distribution
for programmed and erased cells.

(a) SEM cross-section of a TANOS
NAND string, including ground and
source selectors.

(b) (a) TEM cross-section of TANOS
stack; (b) SEM cross-section of
TANOS cells, including STI.

Figure 1.35: [43]

(a) 4Gb NAND TANOS proto-
type.

(b) Threshold voltage distributions for erased
and programmed cells of a 2Mb TANOS array.

Figure 1.36: [43]

Multi-level memories. In order to have a multi-level memory device (i.e.
a cell containing more than two logic states), a wide threshold voltage window
and narrow threshold voltage distribution are required. Moreover a strict control
of program/read/pass disturbs has to be applied.

Again for the 63 technology node, the feasibility of a multi-level TANOS
NAND array was demonstrated in [29]. Fig. 1.37(a) shows the immunity of the
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charge-trap cell to the capacitive interference during program/erase operation.
Fig. 1.37(b) shows the retention performance for this multi-level device. Fig.
1.38(a) shows the typical two-phases multi-bit program operation. Finally, Fig.
1.38(b) shows the threshold voltage distribution on the different logic values:
the width of each distribution is less than the separation between two logic
values.

(a) TANOS cell-to-cell interference im-
munity during program and erase.

(b) Retention performance for a
TANOS device as a function of tunnel
oxide thickenss.

Figure 1.37: [29]

(a) Typical two-phases multi-bit pro-
gram operation.

(b) Threshold voltage distributions for
a 64Mb multi-bit TANOS array.

Figure 1.38: [29]

3D-stacking approach. The feasibility of a 3D-stacking approach has
been demonstrate by several company and research groups [33–38]. As explica-
tive example, Fig. 1.39 shows a spectacular cross-sectional SEM image of the
60nm 3D-stacked Toshiba P-BiCS memory (the first structure schematized in
Fig. 1.33). This architecture realizes a 32Gb flash memory with outstanding
performances [33].
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Figure 1.39: Cross-sectional SEM image of 60nm 3D-stacked Toshiba P-BiCS flash memory
and equivalent circuit. (a) Source line, bit line and select-gate (b) Memory hole after the
removal of sacrificial film. (c) Pipeconnection. (d) Contact via for access to control-gate
electrode. [33]
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Figure 1.40: Schematic SONOS cell structure adopted for the 3D TCAD simulation of the
variability effects in nanoscale charge-trap memories.

1.3.2 Statistical variability sources

Referring to the program and read operation of charge-trap planar device, three
main source of intrinsic (i.e. related to the granular nature of matter and
charge) variability can be identify:

• random dopant fluctuations, in number and position, in the MOSFET
channel;

• random trap fluctuations, in number and position, in the storage layer;

• statistical charge injection process, during program, from the channel to
the storage layer.

Fig. 1.40 shows a schematic SONOS cell with a random dopants distribution
in the channel and a random traps distribution in the nitride.

Random dopant fluctuations. Random dopant fluctuations are caused
by variation in the position and number of the dopant atoms within the channel
which result in potential fluctuations which allow percolation paths to form as
the device turns on [44–52]. Different devices have different microscopic doping
distribution resulting in different conduction characteristics from device to de-
vice. This can be understood from Fig. 1.41 comparing the channel conduction
simulation for the case of uniform doping and for the case of atomistic doping.

Using 3D simulation it has been shown that the random discrete dopants
introduce fluctuations in the threshold voltage of a MOSFET and a lowering
of the average threshold voltage of an ensemble of devices [49]. Moreover these
effects become more prominent as the scaling process goes on. Indeed, the the
overall number of discrete random dopants within the channel decreases due to
the physical size reduction. Because of this reduction in the average number of



1.3 The charge-trap device 31

Figure 1.41: Simulation results for the source-to-drain conduction in a SONOS cell at
threshold condition in case of (a) uniformly doped substrate and (b) atomistic doped substrate.

Figure 1.42: Simulation results for the source-to-drain conduction in a SONOS cell at
threshold condition in case of (a) uniformly doped substrate and (b) atomistic doped substrate,
in presence of discrete charge trapped in the nitride. Traps located at different positions have
a different impact on the threshold voltage shift.

dopant atoms, the magnitude of the fluctuations increases. Numerical simula-
tion has also shown that the doping concentration dependence of random dopant
induced fluctuations is stronger than that obtained from analytical models [53].
This is due to the fact the the analytical models only take into account varia-
tions in the number of dopants and not the variation in their relative positions.
This positional dependence is of great importance as it has been found that
the dopants closest to the interface are responsible for a large fraction of the
intrinsic fluctuation.

Random trap fluctuations. Random trap fluctuations are caused by
variation in the position and number of the trap sites within the volume of the
silicon nitride layer [54, 55]. We can understand that the percolative source-
to-drain conduction, due to atomistic substrate doping, makes not only the
fluctuation of the trap number in the cell but also of the trap position over
the channel a major variability source for nanoscale cells. Indeed, traps located
over a percolative conduction path will have a stronger impact on the device
threshold voltage shift respect to traps located over a channel region with poor
conductivity. This is sketched in Fig. 1.42.

Charge injection variability. In addition to the previous sources of vari-
ability, the program operation of charge-trap devices is also affected by the
charge injection variability [21,22,56–58]. Being the granular injection a stochas-
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tic process, the number of electrons injected from the channel to the nitride at a
given time is statistically dispersed, resulting in a dispersion of the the devices
threshold voltage. Indeed, let’s consider that the average time required for the
injection of the first electron into the nitride after the beginning of the program
operation (time t = 0, tunneling current Ii) is τ1, which is related to Ii by the
relation τ1 = q/Ii. Then, the time required for the first electron injection (∆T1)
is exponentially distributed (as confirmed by shot-noise measurements of the
tunneling current in MOS capacitors [13]) as

P∆T1
=

1

τ1
e
−

∆T1

τ1 (1.24)

where P∆T1
is the probability density function of ∆T1. When the first elec-

tron is actually injected into the nitride, the tunneling current is reduced by a
factor f , because the field across the tunnel oxide is reduced after the potential
increasing in the nitride consequent to the electron trapping. Thus the average
injection time for the second electron becomes τ1f . Therefore, the time required
for the second electron injection (∆T2) becomes exponentially distributed with
a probability density function given by

P∆T2
=

1

τ1f
e−

∆T2

τ1f (1.25)

and so forth for the subsequent injection times. The analytical modeling
of the factor f has been reported reported in [22] for the floating-gate devices,
but it represents a prohibitive problem for the charge-trap devices because the
injection process is complicated by the presence of the atomistic doping, mak-
ing non uniform the inversion charge in the channel, and by the presence of
discrete traps in the nitride layer, making dependent on the trap position the
electrostatic feedback f of a trapped electron on the subsequent injection event.

Random telegraph noise fluctuations. Random Telegraph Noise (RTN)
is a statistical effect caused by traps at the Si/SiO2 interface on MOS transis-
tors operation. This noise originates from the alternate capture and emission
of charge carriers by traps (defects) at the Si/SiO2 interface, causing discrete
drain current fluctuations. This component is a random signal that oscillates
between discrete levels with a random period, naming the effect (Fig. 1.43).
The traps can become filled with charge carriers which should be in the chan-
nel contributing to current conduction. Once the carrier is trapped it causes
a change in channel current. Evidence for random telegraph noise (RTN) in
MOSFET conduction due to single-electron trapping/detrapping events near
the substrate/oxide interface has been reported since the mid-1980s [59]. The
RTN amplitude has been shown not only to increase with the reduction of de-
vice dimensions but also to depend on bias conditions, trap position over the
channel area, and substrate doping due to the nonuniform inversion caused by
the atomistic nature of the dopants [60–62]. Recently, the miniaturization of cell
dimensions following the development of sub-90-nm Flash technologies made the
RTN instabilities clearly observable in the operation of memory arrays [63–65].
In this case, the modulation of cell conduction results into threshold-voltage fluc-
tuations that could eventually affect those applications requiring very severe VT



1.4 Conclusions 33

Figure 1.43: Example of a two-level RTN waveform measured on a selected 65nm Flash
cell. [66]

control [63]. It should be noted that, in charge-trap memories, this instability
could be also influenced by the discrete electron storage in the nitride.

What presented so far makes understandable that the use of 3D simulation
is mandatory to account for the complex electrostatics and conduction profiles.
For this reason in all the author’s works presented in this manuscript a 3D
simulation approach has been used for studying the several statical variability
effects in nanoscale charge-trap memories.

Finally, it is worth to be pointed out that in all the works presented in the
next chapters we do not take into account other secondary variability sources
such as the line edge roughness, the poly-silicon gate granularity or the metal-
gate granularity [51, 53, 67–72]. The impact of these sources on the threshold
voltage variability of nanoscale MOSFET devices is, in fact, by far less than the
impact of the random dopant variability [51].

1.4 Conclusions

This chapter presented the semiconductor non-volatile Flash memory. The
floating-gate technology, representing the current dominant technology, was an-
alyzed in the first part of the chapter. The NOR and NAND architectures were
then introduced, showing their application in the code storage and data stor-
age sector, respectively. We have shown the main scaling limitations afflicting
especially the NAND architecture, namely the cell-to-cell capacitively coupling
and the SILC. One of the most promising solution to overcome the floating-
gate scaling issues is represented by the charge-trap technology, which store
charge in electronic defects inside an insulating film. We have shown different
kinds of charge-trap memories, including the 3D-stacking approach recently pro-
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posed to achive the Terabit level of integration. Finally we have presented the
main statistical variability sources affecting the electrical behavior of charge-
trap memories: this is the major topic of this thesis and it will be developed in
the next chapters.



Chapter 2

Resolving discrete charges

in a TCAD framework

In order to study the intrinsic statistical variability of charge-
trapping memory devices, charges (e.g. ionized dopants in channel
or trapped electrons in the nitride) have to be treated as discrete
entities. This represents a non-trivial issue in the framework of
TCAD (Technology Computer Aided Design) simulation, where a
drift-diffusion (DD) formalism is usually employed to study the
carrier conduction. Indeed, the Coulomb potential associated with
each discrete charge becomes physically inconsistent with the con-
cepts of electrostatic potential presumed in DD device simulations.
The first part of this chapter introduces the problems involved
with the resolution of discrete charges in drift-diffusion simula-
tion, showing the main solutions proposed up to date in literature.
The second part of the chapter will show an improved study on this
topic presented by the author at the 2011 SISPAD (Simulation of
Semiconductor Processes and Devices) Conference.

2.1 Introduction

T
he fact that a statistical configuration of discrete dopants could lead to a
variability of the threshold voltage in MOSFET device was pointed out

by Hoeneisen and Mead [73] several decades ago, and has now became a real
problem in deca-nanometer MOSFETs [74]. It has been shown that, the thresh-
old voltage fluctuations result from the variations of both dopants number and
dopants arrangement in the device substrate [75].

The presence of discrete dopants give rise to complicated 3-dimensional (3-
D) potential configurations, making compulsory the use of 3-D numerical drift-
diffusion (DD) simulations for the study of the threshold voltage fluctuation
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problem [49,52,76]. The key question is how to introduce the microscopic non-
uniformity of localized dopant distributions inside the device to be simulated.
The pioneering work of Nishinohara [44] first proposed to assign the dopant
density at each mesh node in accordance with the number of dopants generated
in each mesh region from a Poisson distribution. This approach has been ex-
tended to the extreme atomistic regime, where most mesh regions contain no
dopant or, at most, one dopant, in order to represent the granularity nature of
the doping in real deca-nanometers MOSFETS [45,47–50,77]. However, several
works [51,52,78] have pointed out that such a naive extension of the conventional
dopant model to the atomistic regime can be not consistent with the physics
presumed in the DD simulation approach. In fact, Sano first highlighted this
inconsistency [79, 80], showing that subthreshold characteristics in sub-100 nm
MOSFETs could be drastically changed when all dopants inside the entire de-
vice regions are treated as being atomistic. This implies that the naive atomistic
approach may lead to erroneous results in threshold voltage evaluations.

The purpose of the first part of this chapter is to show in details the prob-
lems involved with the resolution of atomistic charges within the drift-diffusion
framework, reviewing the three main solutions proposed in literature to re-
lieve these issues: (1) the charge smearing method [45, 49, 50, 76], (2) the Sano
model [52] and (3) the quantum correction approach [78,81]. In the second part
we will present an original extended study of the quantum correction approach,
proposing a modified mobility model able to remove the residual artifacts of
drift-diffusion atomistic simulation.

2.2 Implications of a discrete doping

In order to study the threshold voltage variations caused by random dopants
in deca-nanometers devices, a physics based method to introduce the micro-
scopic non-uniformity of localized dopant distributions inside the device has to
be found. Conventional atomistic simulation, used in the first pioneering works
on this topic [44], employed the following scheme: considering a completely ran-
dom dopant arrangement inside the device (uniform continuous doping), the
number of dopants included in a certain region should fluctuate in accordance
with the Poisson distribution. The number of dopants in each mesh region is
thereby determined from a Poisson distribution with mean given by the continu-
ous (macroscopic) dopant density, and it is then translated into the local dopant
density and assigned to the corresponding mesh node. In the case of large size
devices, the number of dopants included in each mesh element exceeds unity
and the dopant density has smooth variations between adjacent mesh nodes.
On the other hand, in the case of deca-nanometers devices, most meshes con-
tain no dopant or, at most, one dopant, and, thus, the dopant density changes
abruptly from one mesh point to another, behaving like a δ-function (Fig. 2.1).

The electrostatics laws tell us that the electrostatic potential is a bare
Coulomb potential well with a singularity at the dopant position, when the
dopant density is given by the δ-function. Instead, no singularities are present
in the potential solution when the dopant density is a smooth function as in the
case of large devices. This is because the short-range variation of the Coulomb
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Figure 2.1: Schematic representation of the dopant arrangements and the mesh configura-
tions employed in the (a) classical and (b) atomistic DD simulations. The lower drawings
sketch schematically the corresponding dopant densities as a function of position for the
dopant arrangements shown above. [52]

potential, whose wavelength is smaller than the mesh spacing, is implicitly elim-
inated since the mesh spacing ∆ is always greater than the mean separation

between the dopants N
−1/3
D , as shown in Fig. 2.1, where ND is the continuous

doping density. On the other hand, the mesh spacing ∆ is always smaller than
the mean separation of dopants in the atomistic cases, then both the short-range
part and the long-range part of the Coulomb potential are explicitly included.
As a result, the electric potential for an atomistic dopant is given by the full
Coulomb potential. Fig. 2.2 shows schematically the electrostatic potential
arising in the case of atomistic ionized acceptors.

It remains to understand which potential, whether the full Coulomb potential
or the long-range part of the potential, is appropriate for classical DD device
simulations. When the full potential is employed in the DD simulations, the
majority carriers near the dopants are strongly localized by the sharply resolved
attractive Coulomb well because the charge concentration follows exponentially
(through the Boltzmann or Fermi-Dirac distribution) the electrostatic potential,
obtained from the solution of the Poisson equation. Such charge “trapping” is
physically impossible since, in quantum mechanical terms, the confinement in
space keeps the ground electron energy state high in the well. This is shown in
fig. 2.3 where is reported the 1D Poisson-Schrodinger solution for a Coulomb
potential well corresponding to a charge plane and the bounded energy states
[82]. It is clear that a large fraction of the full potential cannot be followed by
the electron concentration due to such quantization.

This problem is obviously associated with the length-scale involved in the
DD simulations. The current continuity equation in the DD approximation
is derived under the continuous limit, taking into account only the first two
moments of the Boltzamm transport equation. This means that this equation
is valid over a length scale beyond lc which is approximately equal to the mean
distance of carriers and/or dopants. In other words, the spatial frequency of the
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Figure 2.2: Schematic drawing of the electric potential caused by ionized acceptors. The solid
curves represent the full Coulomb potential and its long-range part. Notice that the spatially
smoothed band edge is represented by the long-range part of the Coulomb potential. [52]

electric potential has to be smaller than 1/lc.
It should be noted that the short-range part of the Coulomb potential of

ionized dopants, that is the screened Coulomb potential, is responsible for the
short-ranged impurity scattering. In the framework of the DD simulations, lo-
cal quasi-equilibrium, which is attained through the scattering processes such
as the phonon scattering and the impurity scattering, is assumed in the deriva-
tion of the current continuity equations. Therefore, the short-range part of the
Coulomb potential is implicitly included in DD simulations, by means of the
mobility models. It is important to point out that in the case of large devices
simulation, this short-range part of the potential is explicitly eliminated in the
Poisson equation because the mesh spacing ∆ is usually greater than the mean
distance of the dopants. Therefore, the double counting of the short-range part
of the Coulomb potential is avoided.

In conclusion, only the long-range part of the Coulomb potential of ion-
ized dopants can be consistent with the DD approach. Three are the methods
proposed in literature to deal with the high spatial frequencies of the elec-
trostatic potential (i.e. short-range components): (1) the charge smearing
method [45, 49, 50, 76], (2) the Sano model [52] and (3) the quantum correc-
tion approach [78, 81]. We are going to analyze each of these methods in the
next section.

2.3 Discrete dopant models

2.3.1 Charge smearing

The first and easiest method we present is the charge smearing. The aim of this
approach is to smear the charge assignment over several mesh nodes, in order to
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Figure 2.3: 1D Poisson-Schrodinger solution, showing the Coulomb potential well and bound
energy states. It is shown the classical electron concentration and the quantum electron
concentration associated with this potential well [82]

Figure 2.4: 3D mesh for MOSFET atomistic simulation, representing the charge smearing
approach for the discrete dopants assignment.

avoid the presence of a δ-function for the charge density (Fig. 2.4). Constant-
smearing and Gaussian-smearing have been adopted in literature [49, 54, 76,
82]. Considering the Gaussian assignment [82], a discrete dopant is represented
as a normalized Gaussian distribution, which has a total associated charge of
one. The doping concentration at each mesh node is then calculated from this
distribution as:

ρ(x) = exp

(

(xi − xm)2

σ2

)

(2.1)

where ρ(x) is the charge density at position x, xi is the x coordinate of the
dopant in real space, xm is the x coordinate of the mesh node in real space, and
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Figure 2.5:

σ is the distribution width.

The width of this distribution is usually set around 2nm [51,54] which corre-
sponds to the effective diameter of a dopant using the Bohr model for hydrogen
adapted to Silicon.

It should be noted that the effect of this charge assignment is somewhat
similar to remove the Coulomb potential short range components. However,
in this case the cut-off frequency is arbitrary and there is a possibility of dou-
ble counting the screening effects since screening is also included in the Drift
Diffusion equations. Another problem of the charge spreading approach is rep-
resented by the loss of resolution with respect to actual atomistic effects as they
become averaged out as a result of the dopants spreading over such a wide area.
This can be a huge issue especially for the simulation of very small devices.
Moreover, simulation results can be mesh-size dependent [51]: indeed a fine
mesh resolve better the potential well compared to a coarse mesh, resulting in
a stronger charge trapping effect. Nevertheless, this method is widely used in
literature [49, 54, 76, 82] because it is computational efficient and gives reliable
results, in terms of threshold voltage shift, provided that the charge distribution
width and the mesh resolution are accurately chosen. An example is showed in
Fig. 2.5(a) and 2.5(b), where it is reported the threshold voltage shift given by
one stored electron in a 25nm-SONOS memory cell: though the charge assign-
ment method may have an impact of the threshold voltage value, 3D simulation
results show negligible variations for the threshold voltage shift in a quite large
range of smearing width and mesh size.

2.3.2 Sano’s model

The Sano approach [52,79,80] is a refined variant of the charge smearing method.
It essentially split, in a more formal and elegant way, the charge density of
a discrete dopant between the long-range and short-range parts for properly
taking into account of localized dopants in ultra-small devices. Considering
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ionized acceptors as discrete dopants, the charge density ρac(r) is expressed as

ρac(x) = −q
N

∑

i=1

δ(r − ri) (2.2)

where q is the magnitude of the electronic charge, N is the number of ac-
ceptors contained in the entire device regions, and ri is the position of the ith
acceptor. The core of an acceptor ion is ignored and it is treated as a point
charge. It should be emphasized that this expression exactly corresponds to the
acceptor density for the conventional atomistic dopant approach, where, in fact,
the charge density at the j th mesh node is given by

ρatm
j = −q

{

1/νj if an acceptor is inside the jth mesh element
0 otherwise

where νj is the volume of the j th mesh element. As the mesh-size shrinks,
1/vj increases reaching the δ-function limit. This explain better why the phys-
ical quantities such as the dopant density and electric potential depend on the
size of the mesh employed in conventional atomistic simulations. The smaller
the mesh is, the deeper the electric potential becomes. As a result, the amount
of trapped carriers strongly depend upon the mesh-size employed in DD simula-
tions. This is of course impermissible in any numerical simulations and another
indication that atomistic DD simulations are inappropriate.

Rewriting the δ-function in Eq. 2.2 in terms of the wave vector k, the charge
density can be easily separated into the long-range and short-range parts

ρac(x) = −q
N

∑

i=1

1

V

∑

k<kc

eik(r−ri) − q
N

∑

i=1

1

V

∑

k>kc

eik(r−ri)

= −q
N

∑

i=1

nlong
ac (r − ri)− q

N
∑

i=1

nshort
ac (r − ri) (2.3)

where V is the volume of the device and assumed to be very large compared
with the characteristic length scale. The first (second) term in the second line
represents the long (short) range part of the acceptor charge density and nac

is the corresponding number density. The cut-off spatial frequency kc is the
parameter that determines the split between the long-range and short-range
components. So far this approach is very similar to the charge smearing ap-
proach. What makes the Sano’s approach more refined than the charge smear-
ing approach is that the cut-off parameter is chosen in a physics-based manner.
Physically, the cut-off parameter should be related to the screening length: in-
deed more the doping density increases more the charge acceptors are screened
by the mobile charge. This is the well known concept of Debye length or the
Thomas−Fermi screening length, sometimes also referred as Brooks−Herring
screening model. However Sano [52] pointed out that this screening model is
inadequate for our aim because it does not reproduce the correct mobility in
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high-doped regions and this kind of screening concept breaks down in the de-
pletion regions where majority free carrier density becomes very small so that
the screening length becomes extremely large. For these reasons Sano suggested
to use the Conwell−Weisskopf model [83], in which the screening is mainly due
to the overlap of electrostatic potentials of ionized dopants. In this case, the
magnitude of the cut-off parameter kc is then given by the inverse of the mean
separation of dopants:

kc = 2N1/3
ac (2.4)

where Nac is the macroscopic acceptor density.

From Eq. 2.3, the long-range part of the number density nlong(r) of a single
acceptor located at the origin (r = 0) is given by

nlong
ac (r) =

1

V

∑

k<kc

eikr → k3
c

2π2

sin(kcr)− (kcr) cos(kcr)

kcr

3

(2.5)

where the coefficient in the last expression is normalized such that the inte-
gral of the number density nlong

ac (r) over the entire space becomes unity.

∫

nlong
ac (r)d3r = 1 (2.6)

Since the short-range part of the charge density is eliminated in the Poisson
equation of the DD simulations, the number density of each acceptor has to be
re-normalized so that the total acceptor charge in the substrate is conserved. It
is very important to note that Eq. 2.5 is oscillatory at large r, then it gives no
contribution when the integral region is sufficiently large. This means that the
exact expression of the long-range part of the charge density is not essential.
The fact that the charge density is broadened is of most importance. This
observation makes the Sano approach really close, even identical from a practical
point of view, to the charge-smearing approach. As well as the charge smearing
approach, Sano’s method’s weakness is represented by the loss of resolution with
respect to actual atomistic effects as they become averaged out as a result of
the dopants spreading. Another problem of this method is that, as also pointed
out by Sano [52], the cut-off parameter kc is never calculated from Eq. 2.4 in
practical simulations, but usually it is obtained as a fitting parameter. This
results in a sort of arbitrariness on the choice of kc and makes vain the elegance
that this method owns respect to the charge smearing method.

Fig. 2.6(a) shows the long-range part (with the normalization coefficient
properly modified) and the short-range part of the number density due to a
single acceptor located at the origin. Notice that the singularity of the number
density at the origin is properly removed. The long-range part of the number
density spreads over the inverse of the cut-off parameter 1/kc, whose magnitude
corresponds to the mean separation of the acceptors. This is a sharp contrast
to the conventional atomistic dopant approach which shows a δ-function-like
behavior. From Eq. 2.5 the long-range part of the electronic potential φlong

ac (r)
by a single acceptor with unit charge is readily obtained
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(a) Long-range and short-range parts of
the number density caused by a single
dopant located at the origin.

(b) Long-range and short-range parts
of the electronic potential caused by a
single dopant with unit charge located
at the origin. The bare Coulomb poten-
tial is also plotted with the solid line.

Figure 2.6: [52]

φlong
ac (r) =

−2

πr

∫ kcr

0

sin(t)

t
dt =

−2kc

π

Si(kcr)

kcr
(2.7)

where Si(r) is the sine integral. The short range part of the potential is the
difference between the bare Coulomb potential and the long-range part given
by Eq. 2.7, and this is well approximated with the screened potential

φshort
ac (r) ≈ −e

−kcr

r
(2.8)

Fig. 2.6(b) shows the long-range and short-range parts of the electronic
potential by a single acceptor with unit charge located at the origin. The long-
range part of the potential changes very smoothly and does not diverge at
the origin, then preventing the charge trapping at the dopant position. It is
interesting to note that the hollow around the origin becomes deeper as the
macroscopic acceptor density increases (kc decreases). This potential hollow
corresponds to the band-edge fluctuations with which the carriers are locally
accelerated or decelerated during their drift motion [84].

2.3.3 Quantum corrected model

As we have previously seen, the charge “trapping” phenomenon affecting conven-
tional atomistic DD simulations is physically impossible since, in quantum me-
chanical terms, the confinement in space keeps the ground electron energy state
high in the well (fig. 2.3). Therefore one should expect that the introduction of
quantum mechanical correction in DD simulations solves the charge “trapping”
problem. Indeed this is the idea followed by Asenov and his group [51, 78, 81],
that have applied quantum corrections to the conventional atomistic simulations
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by means of the Density Gradient (DG) approximation. If these quantum correc-
tions are applied to the region that contains discrete random dopants a marked
reduction in the charge localization at impurity sites is actually observed. In
the case of a sharply resolved potential well electrons are unable to follow the
real electrostatic potential because their concentration is determined by the ef-
fective quantum potential which introduces a force pushing the electrons out of
the well. The DG formalism introduces the most important (first-order) quan-
tum effects are required for the purpose of practical Computer-Aided Design of
future generations of devices, preserving a good computational efficiency.

The DG formalism resembles the Bohm interpretation of quantum mechanics
[85, 86], adding into the classical equation of state for electrons a quantum
correction term ψqm, which is proportional to the second-derivative of the square
root of the carrier density:

ψqm = 2bn
∇2
√
n√
n

= φn − ψ +
kBT

q
ln

(

n

ni

)

(2.9)

where bn = h̄2/4qm∗

nr, with r being a dimensionless parameter.
This approximation can be derived from the Wigner transport equation [87]:

∂f(p, r, t)

∂t
+ v · ∇rf(p, r, t)− 2

h̄
V (r) sin

[

h̄
←−∇r
−→∇p

2

]

f(p, r, t) = 0 (2.10)

The quantum effects are included through the non-local driving potential in
the third term on the left-hand side, noting that ∇r acts only on V and ∇p acts
only on the distribution function f . The operator within the sin function may
be written in terms of a Taylor series, so that the transport equation for the
Wigner distribution function can be written in the form of a modified Boltzmann
Transport Equation as:

∂f

∂t
+ v · ∇rf −

1

h̄
∇rV · ∇kf +

∞
∑

α

h̄2α−1(−1)α+1

4α(2α+ 1)!
(∇rV · ∇kf)

2α+1
=

(

∂f

∂t

)

coll

(2.11)
where V represents the electrostatic potential. Expanding to first order in

h̄, so that only the first non-local quantum term is considered, has been shown
to be sufficiently accurate to model non-equilibrium quantum transport [88].

The introduction of the DG correction in the DD system of equations can
be realized using a modified Gummel iteration scheme, where the Poisson equa-
tion (2.12) and then the Density Gradient equation (2.13) are solved for the
electrostatic potential and the quantum-corrected electron density respectively:

∇ · (ǫ∇ψ) = −q (p− n+ND −NA) (2.12)

2bn
∇2
√
n√
n

= φn − ψ +
kBT

q
ln

(

n

ni

)

(2.13)

In this way, the effective quantum potential can be computed as:
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Figure 2.7: Electron concentration along the x-direction of a 30x20x20nm resistor, showing
both the classical electron concentration and the quantum electron concentration generated by
the inclusion of DG quantum corrections. [82]

ψeff = ψ + 2bn
∇2
√
n√
n

= φn +
kBT

q
ln

(

n

ni

)

(2.14)

This effective potential is used as the driving force for the electron current
continuity equation:

∇ · Jn = R (2.15)

with R the net recombination-generation rate, and Jn is given by

Jn = −qnµn∇ψeff + qDn∇n (2.16)

Analogous corresponding equations hold for holes.
The impact of the inclusion of DG quantum effects in simulations by is

illustrated in Figure 2.7. Quantum confinement in the sharp potential wells
smoothes the overall electron concentration by reducing the sharper peaks elim-
inating the charge localization. It can also be seen that this effect raises the
concentration in the surrounding area allowing more charge to participate to
the conduction.

Mesh sensitivity. In conventional atomistic simulations the amount of
charge that becomes localized is strongly dependant on the mesh size used in
the simulation. Indeed the doping charge density at a given mesh point is
proportional to 1/ν, where ν is volume of the mesh element surrounding that
node. Therefore a reduction of the mesh size causes a subsequent increase of
the charge density which, in combination with the better resolved potential well,
turns in a greater charge localization. As shown in [51], the quantum approach
is much less sensitive to the mesh size. Figure 2.8(a) illustrates the mesh size
dependence of the conventional electrostatic potential and the effective quan-
tum potential associated with the DG formalism obtained from the mesh-based
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(a) Electrostatic potential and the effec-
tive quantum potential around a single
point charge for mesh sizes of 1 nm, 0.5
nm and 0.25 nm

(b) Classical and quantum electron
concentrations around a single point
charge for mesh sizes of 1 nm, 0.5 nm
and 0.25 nm

Figure 2.8: [82]

solution of the Poisson’s equation around a single discrete donor showing the
reduced mesh sensitivity of the DG approach respect to the classical approach.
It is interesting to note that the effective potential in the middle of the Coulomb
well is approximately 40 mV, corresponding roughly to the energy level of the
electron ground state, in good agreement with the ground state of a hydrogenic
model of an impurity in Si.

Figure 2.8(b) shows the corresponding electron concentration associated with
the single point charge. In the classical case the electron concentration follows
the solution of the Poisson equation which in turn is strongly coupled to the
mesh size, while the inclusion of quantum corrections makes the solution mesh
independent below 0.5nm mesh spacing value.

DG correction for holes. The reported discussion about quantum cor-
rection has been focalized on electron carriers. Considering a conventional
MOSFET device, the electron trapping phenomenon occurs only in the n-doped
source and drain regions. The charge localization in this regions gives an in-
crease in the MOSFET access resistance, reducing the MOSFET ION current.
However for the accurate atomistic simulation of a MOSFET it is also important
to consider the trapping of holes in the channel region when discrete acceptors
are considered. This trapping leads to a change in both the size and shape
of the depletion region. This in turn alters the characteristic of the simulated
device by reducing, for example, the threshold voltage. This is particularly im-
portant for the case of memory devices simulations. Fig. 2.9 show the impact
of DG corrections on both electrons and holes on the trans-characteristic of
50nm-MOSFET [82].

DG vs. Sano model. The strength of DG approach lies in the low mesh
sensitivity of simulation results. Another very important feature of the DG
approach is its high resolution. To explain the latter point we schematically
compare in Fig. 2.10(a) the DG method and the Sano’s method. It is evident
that Sano’s approach, similar to charge smearing approach from a practical point
of view, loose resolution when two dopants are close enough to have an overlap
of their long-range distribution functions. On the other hand, DG approach
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Figure 2.9: Trans-characteristics of a 50x50 nm transistor for both continuous doping and
atomistic doping, with and without the inclusion of DG quantum corrections. [82]

(a) Schematic representation of DG
and Sano methods doping distribution
functions in case of two close discrete
dopants in a double gate 10nm MOS-
FET.

(b) Simulation results for the electron
conduction between source and drain
obtained with DG and Sano approach
in a double gate 10nm MOSFET.

Figure 2.10: [89]

can maintain the highest level of resolution because it can deal with δ-shape
doping distribution function, being the quantum corrections (and not the charge
smearing) to relieve the charge trapping problem. This lack of resolution in the
Sano’s method can lead to wrong results, as shown in Fig. 2.10(b): while the
DG approach gives three conduction maxima between source and drain, the
Sano’s approach gives only two maxima due to the overlap of the long-range
doping distribution functions.

2.4 A modified mobility model for atomistic sim-

ulation

As we have seen in the previous section, resolving individual charges within
classical drift diffusion simulation using a fine mesh is problematic. We have
also seen that the most promising solution is to use a quantum mechanically
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Figure 2.11: 3D plot of the effective potential in a 50x50x50nm silicon resistor doped at
1019 cm−3. Note that the region with the discrete doping is long 30nm.

consistent treatment of the electron concentration via the DG approximation.
Though DG approach removes the mesh-sensitivity problem, Roy et. al [51,82]
have pointed out that a residual non-negligible error remains in the simulation
of the electron transport due to a residual trapping. In order to understand the
nature of this residual trapping error we have extended the study of Roy et.
al [51,82], proposing a modified mobility model to remove the residual error. In
this section we report the main results of this study.

To study the charge trapping phenomena associated with atomistic simu-
lation, a silicon resistor with n-type doping and dimensions 50x50x50 nm was
chosen as test structure and an ensemble of a thousand microscopically differ-
ent devices were simulated for each doping density and each mesh spacing using
the GSS1 atomistic simulator GARAND. A Cloud-in-Cell (CIC) [90] method is
adopted for the charge assignment in the simulations, combined with quantum
DG corrections. The continuously doped case is taken as the reference as it
matches the analytical conductivity of the resistor. The electron mobility in
atomistic simulations is calculated, via the Masetti model [91], using the con-
tinuous doping profile. Hence, for each doping density, all atomistic devices
use the same calculated mobility. Additionally, when specified, an electric field
dependent mobility is also adopted in simulations. In this case the mobility
depends on the local electric field generated by each discrete dopant. It should
be noted (Fig. 1) that the atomistic region length is 30 nm. A continuously
doped region is interposed between the contacts and the discrete zone to avoid
any influence related to boundary conditions. The potential distribution for one

1Gold Standard Simulations Ltd, Rankine Building, Oakfield Avenue, Glasgow, G12 8LT,
UK



2.4 A modified mobility model for atomistic simulation 49

0 0.1 0.2 0.3 0.4 0.5
Voltage [V]

0

0.002

0.004

0.006

0.008

C
ur

re
nt

 [
A

/µ
m

]

Continuous
0.5nm DG
1nm DG
2nm DG
0.5nm Classical
1nm Classical
2nm Classical

Figure 2.12: Comparison of the IV characteristics produced from classical and DG simu-
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Figure 2.13: 1D plot of the electron concentration through a 50x50x50nm silicon resistor
doped at 1019 cm−3, comparing the profile obtained from classical ad DG simulations.

of the simulations is shown in Fig. 2.11 for a doping value of ND = 1019cm−3.

Fig. 2.12 depicts the average I-V characteristics obtained from classical and
DG simulations of the resistor, for a doping value ofND = 1019cm−3 and a mesh
spacing of 0.5nm, 1 nm and 2nm. As can be seen from Fig. 2.12 the resistance
of the device increases dramatically in the atomistic classical cases, showing
a strong mesh dependence. DG results are mesh-independent and closer to
the analytical result, but a discrepancy remains between the atomistic average
resistance and the analytical resistance. This difference is related to the electron
concentration profile through the device (Fig. 2.13). It should be noted that the
integral of charge density over the device volume is the same for both the average
atomistic resistor and the continuously doped resistor. Fig. 2.13 shows that the
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Figure 2.14: The relative error of the resistance calculated in a 50x50x50nm silicon resistor
using both classical and DG formalisms for various mesh spacing and doping densities.

DG approach smoothes the electron density profile with respect to the classical
approach, reducing the effect of charge trapping. Fig. 2.14 shows the relative
error between the average atomistic resistance and the analytical resistance for
different doping densities and different mesh spacing values for both classical
and DG simulations. As before it can be seen that classical simulations have
a larger error than DG simulations. It can also be seen that all simulations
exhibit a similar shape. Starting at low doping densities the error increases
until it reaches a maximum of around 1019cm−3 and then decreases for higher
doping densities.

This shape can be explained if we first consider high doping densities. Fig.
2.15 shows that the height of the potential peaks causing electron trapping
decreases when the doping concentration increases. This can be due to the
reduction of the Debye length (λD), causing an increase in the electrostatic
screening, or the reduction of the average distance between dopants (davg),
causing a smoothing of the interactive potential wells. The inset in Fig. 2.15
shows that λD decreases more quickly than davg when the doping concentra-
tion increases, suggesting that the electrostatic screening is the major factor
responsible for the reduction in peak height. This is confirmed in Fig. 2.16
where the 1D electrostatic potential along a resistor is shown when a single
discrete dopant is placed at the center of the device with varying continuous
background doping densities (Dbg). Our previous analysis implies that the er-
ror in the resistance should increase as the doping density decreases. However
Fig. 2.14 shows that the error in the resistance decreases at low doping densities.
In order to understand this behavior the electron conduction profile is studied
in more detail. Contrary to the situation in a MOSFET channel, the discrete
dopants in a resistor are attractive potentials for electrons. As a result, the cur-
rent density maxima are found corresponding to the dopants positions. This is
clearly shown in Fig. 2.17(a) which shows a plot of the electron current density
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Figure 2.15: Potential peaks height in 3D resistor simulation as a function of the average
doping density. The Inset shows the trend of the Debye length (λD) and of the average
distance between dopants (davg) with the doping density.

Figure 2.16: 1D electrostatic potential in the case of one discrete dopant at the center of
the resistor with different continuous background doping densities.

taken through the center of a resistor with a single discrete dopant placed at
the center. However, if we integrate the current density inside the dashed circle
(region B, representing the region where the potential peak of Fig. 2.17(b) has
the largest impact) then we obtain a current one order of magnitude smaller
than the current flowing outside the dashed circle (region A). This implies that,
the carrier current still follows a percolative path between the discrete dopants,
when few dopants are present in the device. This current flow between dopant
atoms becomes more important as the number of dopants in the device becomes
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(a) (b)

Figure 2.17: (a) Current density in the median plane between source and drain in the case of
one discrete dopant placed at the center of the resistor, and (b) corresponding 1D electrostatic
potential.

small. For this reason the error curve of Fig. 2.14 start to decrease towards
low doping densities. Even though the error is reduced at low dopant numbers
there is a secondary effect associated with the position of dopant atoms. Fig.
2.18(a) shows the normalized error in the resistance for different numbers of
dopants extracted from the different doping densities. It can be seen that even
if the dopant numbers are the same, at low numbers there is a spread in the
error coming directly from the positional effect. This spread in error values is
large at low doping densities and strongly decreases at high doping densities.
Indeed, in the presence of percolative conduction the relative position of dopants
has a strong impact in determining the resistance of atomistic devices. This is
also evident in Fig. 2.18(b) where the slope of the normal probability plot of
the resistance error increases with the number of discrete dopants. Moreover it
should be noted that the error in the resistance (Fig. 2.14) tends to zero when
the number of dopants is very small, regardless of whether DG or a classical
approach is used. This again confirms that, in presence of very few dopants, the
current mainly flows outside the sphere of influence of the potential wells.

The previous results have been obtained using only the Masetti [91] mobil-
ity model. If field dependent mobility models such as Caughey-Thomas [92] or
Lombardi [93] are included we obtain the results shown in Fig. 2.19. Here it
can be observed that there is an increase in the error due to the electrostatic
potential wells associated with each discrete dopant in atomistic simulations.
However, this increase in the resistance error is negligible at high doping den-
sities, due to the Debye screening, and remains small at low doping densities,
due to the percolative regime.

The previous analysis suggests that (i) in attempting to eliminate the error
from the simulations the effects of the electric field can be ignored and (ii) the
error in the resistance can be removed by modifying the mobility in atomistic
simulations according to:

µatomisitc (ND) = [1 + err (ND)]µcontinuous (ND) (2.17)
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(a) (b)

Figure 2.18: (a) Resistance error for each atomistic device for fixed values of number of
dopants in the resistor, and (b) corresponding normal probability plot for three values of
number of dopants.

Figure 2.19: Resistance error curve for different mobility models: Constant, Masetti [91]
(M), Caughey-Thomas [92] (CT) and Lombardi [93] (L).

where µcontinuous (ND) is the mobility used in simulations of continuously
doped resistors and err (ND) is the DG resistance error of Fig. 2.14. It is
clear that err (ND) is defined only for a finite number of discrete values so an
interpolation strategy is required, especially when this correction is applied to
the simulation of MOSFETs with non-uniform doping profiles. A better strategy
is to adopt an analytical expression for the corrected atomistic mobility.

Fig. 2.20 shows the electron mobility that should be adopted in the atomistic
simulations to match the resistance of the continuously doped devices, compar-
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Figure 2.20: Electron mobility used to remove the resistance relative error (dashed line)
compared to the Masetti model mobility (solid line) used for the continuously doped devices.

Parameter Continuous Atomistic

µ0 1417 1429
µmin1 52.2 52.2
µmin2 52.2 52.2
µ1 43.4 45
Pc 0 0
Cr 9.68 ×1016 9.81 ×1016

Cs 3.43 ×1020 3.48 ×1020

α 0.68 0.61
β 2 2

Table 2.1: Masetti model parameters values extracted to obtain a match, within 0.5% of
error, between the continuously doped device resistance and the average atomistic device re-
sistance.

ing it with the conventional Masetti model mobility [6]. It is important to note
that the atomistic mobility only slightly differs from the Masetti model. This
suggest that an analytical expression for the atomistic mobility model can be
found by modifying the parameters of the Masetti model, without introducing
any other complex relationship. Table 2.1 reports the conventional and the
modified values for the Masetti model parameters obtained to have an error in
the resistance of less then 0.5% over the whole range of doping densities.

Fig. 2.21 shows the scatter plot of ensembles of 1000 atomistically doped
silicon resistors, with currents normalized to the continuously doped case for
doping densities of 1× 1017cm−3, 1× 1019cm−3 and 1× 1021cm−3. It is evident
that the mobility correction remove the resistance error without introducing
distortions in the original statistical distribution.

Finally, Fig. 2.22 points out that the percolative nature of the conduction
at low doping densities makes the error dependent on the aspect ratio of the
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Figure 2.21: Scatter plot of ensembles of 1000 atomistically doped 50x50x50nm silicon
resistors, with currents normalized to the analytical average case for doping densities of 1017

cm−3, 1019 cm−3 and 1021 cm−3.

Figure 2.22: Resistance error curve for a 50x50x50nm (filled symbols) and a 100x100x100nm
(open symbols) resistors with two different aspect ratio.

device. As expected, a shrinking in the resistor cross-section (maintaining a
constant volume) results in an increased error at low doping. This effect be-
comes more prominent as the volume of the resistor is reduced. However it
affects only the low doping region, that is usually irrelevant in the simulation
of realistic MOSFETs. Moreover Fig. 2.22 shows that the error curve remains
almost unchanged when increased to nearly ten times the volume of the resistor
(50x50x50 nm3 to 100x100x100 nm3). This confirms that the charge trapping is
an artifact of atomistic simulations and that the analytical resistance represents
a good choice of reference with which to compute the resistance error.
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2.5 Conclusions

This chapter presented the physics behind the atomistic dopant model widely
used for the study of statistical threshold voltage variations with DD simulators.
It has been shown that the conventional dopant model, when extended to the
extreme atomistic regime, becomes physically inconsistent with the concepts
presumed in drift-diffusion simulations. It has been pointed out that cutting
off the short-range part of the Coulomb potential associated with each dis-
crete dopant is essential in correctly simulating the device properties under the
atomistic regime. To this aim, three dopant models, namely (i) the smearing
method, (ii) the Sano model and (iii) the quantum correction, have been intro-
duced showing their range of validity and their limitations. Finally, a mobility
model correction for atomistic simulations was proposed in order to improve the
accuracy and reliability of the quantum correction method.



Chapter 3

∆VT variability in

charge-trap memories

This chapter presents a comprehensive investigation of statistical
effects in deeply-scaled charge-trap memory cells, considering both
atomistic substrate doping and the discrete and localized nature
of stored charge in the nitride layer. By means of 3-D TCAD
simulations, the statistical dispersion of the threshold voltage shift
induced by a single localized electron in the nitride is evaluated in
the first part of the chapter. The role of 3-D electrostatics and
atomistic doping on the results is highlighted, showing the latter
as the major spread source. The threshold voltage shift induced
by more than one electron in the nitride is then analyzed, show-
ing that a correlation among single-electron shifts clearly appears.
The scaling trends are discussed in the second part of the chapter,
showing that for fixed density of trapped charge, the average thresh-
old voltage shift decreases with the cell scaling as a consequence of
fringing fields. Moreover, the distribution statistical dispersion in-
creases with technology scaling due to a more sensitive percolative
substrate conduction. The impact of the discrete electron storage
in the nitride on random telegraph noise instabilities is also inves-
tigated, showing that despite single cell behavior may be modified,
negligible effects results at the statistical level.

3.1 Introduction

S
ONOS and TANOS memories are considered today the most practical evo-
lution of the floating-gate (FG) NAND Flash technology, allowing im-

proved reliability thanks to discrete charge storage in thin silicon nitride lay-
ers [29, 94–98]. In order to investigate their performance, many 1-D models
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have been reported to describe the charging/discharging dynamics of relatively
large area cells and capacitors [26, 99–102]. However, all these models suffer
from two main limitations that question their validity for the investigation of
deca-nanometer memory cells, i.e., the lack (1) of the real 3-D cell electrostatics
during program/erase (P/E) and read conditions and (2) of the discrete and lo-
calized nature of stored electrons. Considering 3-D electrostatics is mandatory
to account for fringing fields at the active area edges, determining both a non-
uniform charge injection to/from the nitride layer during P/E and non-uniform
substrate inversion during read [25,103]. In this context, the correct evaluation
of the threshold voltage shift (∆VT ) determined by the discrete and localized
electrons stored in the nitride after program requires a careful numerical sim-
ulation of source/drain conduction during read. Moreover, the discrete nature
of the stored charge necessarily gives rise to statistical issues related to the
number and position fluctuation of the electrons in the nitride, determining a
statistical dispersion of ∆VT after program which cannot be investigated by any
1-D model. This statistical dispersion is further worsened when considering the
additional contribution of atomistic doping to non-uniform substrate inversion,
enhancing percolative source-to-drain conduction [51–53,104,105].

3.2 Physics-based Modeling

In this section we present a comprehensive 3-D numerical investigation of deca-
nanometer nitride memory cells, considering both atomistic substrate doping
and discrete and localized electron storage in the nitride. In order to correctly
capture the stored charge effect, not only on substrate inversion but also on
source-to-drain conduction in presence of non-uniform substrate inversion, ∆VT

is evaluated from cell drain current–gate voltage (ID − VG) transcharacteris-
tics, obtained solving the transport equations in the active area. By means
of Monte Carlo simulations, the statistical distribution of the threshold voltage
shift induced by a single localized electron randomly placed in the nitride volume
(∆VT,1) is evaluated accounting for dopant number and position randomness in
the substrate. The role of 3-D electrostatics and atomistic doping on the ∆VT,1

distribution is highlighted, showing the latter as the major spread source. Then,
the threshold voltage shift induced by N electrons stored in the nitride (∆VT,N )
is analyzed, showing that for large N a correlation among single-electron shifts
clearly appears, reducing the spread of the ∆VT,N distribution.

3.2.1 Numerical model implementation

We performed 3-D TCAD simulations on the template device structure reported
in Fig. 5.1, featuring: STI trenches at the cell sides, atomistic doping in the
substrate and discrete electrons in the nitride layer. A bottom oxide/nitride/top
oxide (ONO) stack with thicknesses equal to 4/4.5/5 nm was assumed for the
gate dielectric, with the nitride layer patterned over cell channel (ǫox = 3.9
and ǫN = 7.5 were used for the relative dielectric constants of silicon oxide and
nitride, respectively). Cell width (W ) and length (L) were set to 25 nm, with a
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Figure 3.1: Schematics for the cell structure investigated in this work, highlighting the
atomistic doping region in the substrate and the discrete localized electrons stored in the
nitride. The gate dielectric comprises an oxide/nitride/oxide (ONO) stack. Red regions: n

implants; blue regions: p substrate; green region: nitride; oxide regions are not highlighted.

constant substrate doping Na = 3 × 1018 cm−3. A planar metal word-line was
assumed for the gate [103].

The simulation flow is schematically depicted in Fig. 3.2: after the definition
of the template device structure, the atomistic doping region in the substrate
was set with a depth from the substrate/oxide interface (25 nm) larger than the
average depletion layer width at threshold. Outside this region, a continuous
doping profile was used. A Monte Carlo loop was employed to collect statistical
information on the cells. The loop includes the extraction of the actual number
of dopants in the discretization region from a Poisson statistics with average
value Nd

a = 46 (as resulting from the product of Na and the volume of doping
discretization) and their placement according to a uniform distribution. Poisson
and drift-diffusion equations were then solved for fixed drain bias VD = 0.7 V
(source and bulk grounded) and increasing gate bias to obtain the ID − VG

transcharacteristics. This was then used to extract neutral cell threshold voltage
(VT,0) as the gate bias allowing 200 nA to flow from source to drain. ID − VG

and VT were then calculated again after a fixed number N of electrons were
randomly placed in the nitride volume to investigate the programmed cell state,
extracting ∆VT,N . More than 100 Monte Carlo runs were used to obtain the
VT,0 and ∆VT,N statistics. Note that the maximum number of Monte Carlo
runs has to be considered when defining the thickness of the atomistic doping
region, in order for the cell with the lower number of dopants out of the Poisson
statistics to have a depletion layer completely included in this region.

All the simulations were performed by means of a commercial software [106],
implementing in its framework the tools to deal with atomistic substrate dop-
ing and discrete electron placement in the nitride. To this aim, we followed a
simulation approach similar to what reported in [107], using a constant mobil-
ity value for the drift-diffusion simulations [51, 107] and spreading the dopant
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Figure 3.2: Block diagram for the simulation procedure used to collect statistical information
on VT,0 and ∆VT,N . VG,1, VG,2, VG,3 and VG,4 define the explored VG ranges for the neutral
and programmed cell state.

charge in a cube of side equal to 2 nm centered in the chosen atomistic dopant
position. The cube side was selected from the compromise between a better
resolution of percolative substrate conduction and the necessity to avoid artifi-
cial charge localizations when solving the poisson and drift-diffusion equations
in presence of coulomb potential wells, as discussed in detail in the previous
chapter. Similarly, localized electron storage in the nitride was reproduced by
placing the electronic charge in a cube of 1 nm side centered in each selected
storage position.

3.2.2 One electron ∆VT statistical distribution

Fig. 3.3 shows the statistical distribution of VT,0 obtained from the Monte Carlo
simulation analysis previously presented. Although current crowding at the cell
corners determined by 3-D electrostatics impacts the average value VT,0 = 2 V of
the distribution, its broadening is the result of atomistic doping [53,105]. In fact,
substrate percolative conduction is determined by the number and position of
dopants placed in the discretization region, with different cells showing different
VT,0 as a result of a more or less favorable configuration of doping atoms from the
source-to-drain conduction standpoint. Note that the resulting VT,0 statistics
in Fig. 3.3 displays a good gaussian behavior, with a standard deviation σ =
195 mV.

We begun our investigation of the programmed cell state by considering a sin-
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Figure 3.3: Simulated statistical distribution of VT for neutral (no charge in the nitride)
cells.

gle trapped electron (i.e., N = 1) randomly placed in a localized position inside
the nitride volume. The statistical distribution of the VT shift obtained with re-
spect to the neutral cell state (∆VT,1) is shown in Fig. 3.4 (solid line), displaying
an average value of ∆VT,1 = 22 mV and a standard deviation σ∆VT,1

= 8.5 mV.
Moreover, a clear exponential tail departs in the positive ∆VT,1 direction, mean-
ing that single electrons can result into very large VT shifts, though with low
probabilities. Note that this behavior cannot be predicted by any 1-D model.
In fact, in a 1-D treatment, the only spread source for ∆VT,1 is the vertical
position of the stored electron in the nitride layer. This affects the VT shift
according to ∆V 1D

T,1 = −q′(t2/ǫox + tx/ǫN), where q′ = q/WL is the electron
charge normalized to cell area and t2 is the top oxide thickness. Assuming a
random distance tx of the electron from the nitride/top oxide interface, the re-
sulting 1-D distribution of ∆VT,1 is reported in Fig. 3.4 (dots). The distribution
has been calculated including a scaling factor equal to 2.09 to the ∆V 1D

T,1 values
in order to obtain the same average result given by 3-D simulations, as will be
explain in the next section. Note that this distribution is much tighter than
what predicted by the accurate 3-D analysis, revealing a dominant contribution
of 3-D electrostatics and random dopant effects on the ∆VT,1 statistics.

In order to separate the contribution of atomistic doping and 3-D electro-
statics to the statistical dispersion of ∆VT,1, Fig. 3.4 also shows results obtained
for continuous substrate doping (dashed-dotted line). This distribution high-
lights the effect of a single, localized electron in the nitride on source-to-drain
conduction, correctly taking into account 3-D electrostatics but neglecting the
contribution of atomistic doping to non-uniform substrate inversion. The lower
statistical dispersion of ∆VT,1 with respect to the case when atomistic doping
is accounted for reveals that percolative source-to-drain conduction has a major
role in determining the impact of a single trapped electron on VT , and that
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Figure 3.4: Simulated statistical distribution of the threshold voltage shift determined by
one localized electron randomly placed in the nitride volume.
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Figure 3.5: Simulated ∆VT,1 as a function of cell VT,0, considering 3-D electrostatics and
atomistic substrate doping.

this is strongly affected by the discrete nature of substrate dopants. However,
Fig. 3.5 makes clear that there is no correlation between VT,0 and ∆VT,1.

To better understand the results of Fig. 3.4, we reported the ∆VT,1 values
as a function of the electron position along L, W and nitride thickness tN in
Figs. 3.6-3.8, for the case of continuous (left) and atomistic (right) substrate
doping. Results of Figs. 3.6-3.7 are similar to what was already obtained for the
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Figure 3.6: ∆VT,1 as a function of the electron position along L for the case of continuous
(left) and atomistic (right) substrate doping. 0 is the channel center.

case of random telegraph noise (RTN) in Flash devices [76, 105]: the VT shift
is larger when the electron is placed half-way between source and drain, due to
a more effective electrostatic control of channel inversion, or close to the edges
along W , due to the possibility for the electron to stop a larger part of drain
current, as field intensification at the edges locally increases the inversion charge
and the drain current density. Fig. 3.8 then reveals the average increase of ∆VT,1

when the electron is moved closer to the nitride/bottom oxide interface, as also
predicted by 1-D electrostatics.

Superimposed on the average trend is the statistical dispersion of the re-
sults, due to fluctuations in the electron position (e.g., in Fig. 3.6 the spread
is due to fluctuations along W and tN ). In particular, in Fig. 3.8 the ∆VT,1

spread reduces when the electron is placed closer to the top oxide. This is as-
cribed to a less-local electrostatic effect of the stored electron on the substrate
when the distance between electron and substrate grows, reducing the impact
of non-uniformities in the current density profile. In the case of atomistic dop-
ing, a larger dispersion of ∆VT,1 can be seen from all the Figs. 3.6-3.8, that
was already evident in Fig. 3.4. For our simulation set, this increased spread
totally overrides the weak average W dependence of ∆VT,1 that was shown by
the continuous doping results (see the different trend lines). The origin of this
additional spread is obviously the enhancement of percolative conduction deter-
mined by atomistic doping, resulting into a statistical dispersion of ∆VT,1 that
is larger than that given by 3-D electrostatics alone. In fact, atomistic doping
enhances the possibility to have cells where source-to-drain current takes place
along few strong percolation paths, allowing a single electron to largely block
cell conduction when this is exactly placed over a path where current crowding
occurs [105, 108–110]. In this case, a quite large VT shift results, contributing
to the enlargement of the ∆VT,1 statistics.
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Figure 3.7: Same as Fig. 3.6 but as a function of the electron position along W . 0 is the
channel center.
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Figure 3.8: Same as Fig. 3.6 but as a function of the electron position along tN . 0 is the
nitride/bottom oxide interface.

3.2.3 Many electrons ∆VT statistical distribution

To investigate how multiple electrons combine their effect to determine the VT

shift, we ran Monte Carlo simulations with N > 1. Electrons were placed
randomly in the nitride volume according to a uniform distribution, therefore
neglecting any disuniformity in the stored charge profile after program that may
arise from a non-uniform injection field in the bottom oxide. Fig. 3.3.1 shows
the statistical distributions of ∆VT,N for the case of N = 14 and 50. A larger
statistical dispersion of ∆VT,N appears with respect to the case of N = 1, con-
tradicting the 1-D prediction of a spread reduction due to a more stable charge
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Figure 3.9: Simulated ∆VT,N distribution in the case of N = 14 (a) and 50 (b) electrons
stored in the nitride layer (black lines). Red dashed-lines represent the calculated distributions
assuming independent trap superposition and the ∆VT,1 distribution of Fig. 3.4.

centroid in presence of a larger number of electrons in the nitride. To further
investigate this point, Fig. 3.3.1 also shows the ∆VT,N distribution calculated
from N−1 self-convolutions of the ∆VT,1 statistics (red dashed lines). This dis-
tribution is expected to describe the ∆VT,N statistics in the case electrons add
their individual contribution to the VT shift independently one another. The
predicted curve is in good agreement with the simulated ∆VT,N distribution in
the case of N = 14, revealing a statistically independent effect of the stored
electrons on VT for small N . However, this is no longer true for N = 50, where
non-negligible differences appear between simulation results and calculations,
highlighting a correlation among the stored electrons effect on VT . This can
be clearly seen from Fig. 3.10, where the average value and variance of ∆VT,N

(∆VT,N and σ2
∆VT,N

, respectively) are shown normalized to the average value

and variance of ∆VT,1 (∆VT,1 and σ2
∆VT,1

) as a function of N . While the relation

∆VT,N = N ×∆VT,1 correctly holds, σ2
∆VT,N

equals 13.03× and 30.26× σ2
∆VT,1

respectively for N = 14 and N = 50. This result confirms that stored elec-
trons act independently for low N , thanks to the large distance among them.
However, when their mutual distances decrease, their positions get closer and
the spread is reduced, due to their correlated electrostatic control on substrate
inversion.

Further insight can be obtained from the plots of the current density at
threshold shown in Fig. 3.11. The left column refers to continuous doping for
neutral (top) and programmed (bottom) cell; the right column is analogous but
related to a case of atomistic doping. Results for continuous doping and neutral
cell clearly show the non-uniform current density profile in the substrate deter-
mined by field enhancement at the cell corners, locally increasing the inversion
charge. A different current density profile is instead present in the case of atom-
istic doping, due to the additional and random effect of discrete dopants on
substrate inversion. However, in both cases, dicrete and localized electrons in
the nitride slightly modify the current density profile in the substrate, due to the
local nature of the electrostatic effect of each electron on substrate inversion. In
this framework, the effect of stored electrons on substrate conduction is similar
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Figure 3.10: Normalized average and variance of ∆VT,N as a function of the number of
electrons stored in the nitride.
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Figure 3.11: Plot of the current density at threshold for: a) continuous doping, neutral
cell; b) continuous doping, 50 electrons in the nitride, c) atomistic doping, neutral cell; d)
atomistic doping, 50 electrons in the nitride. Small fluctuations along L in case a) are due to
numerical interpolations used to extract the current density profile at the substrate surface.

to that of atomistic doping, introducing randomness in the percolation paths
connecting source-to-drain at threshold. Moreover, this means that a different
current density profile is present in the substrate for neutral and programmed
cells, changing, for instance, the impact on VT of a single electron trapped in the
bottom oxide. This point will be further discussed in the next section, where
RTN in nitride cells will be addressed in detail.
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Though the quantitative data obtained so far refer to the particular device
structure investigated and should be cautiously applied to different (e.g. non-
planar) cell geometries [103], the picture emerging from Figs. 3.4 and 3.3.1 is
that of a significant VT spread following electron injection. Such a spread im-
pacts the VT control, which must be retained for all cells in the array, i.e.,
down to very low probability levels. For example, Fig. 3.4 shows that a sin-
gle electron may give rise to a VT shift of 50 mV with a probability of 10−2,
representing a high probability level for Flash arrays. This ∆VT may, in turn,
appear as a VT -loss during data retention, determining a critical reliability is-
sue for multi-level devices, where a severe control of VT is required. Moreover,
the statistical dispersion of ∆VT may also influence the P/E operation of these
devices. In fact, due to the relatively small separation among the VT levels,
multi-level arrays usually adopt a staircase algorithm for the program opera-
tion, resulting into very tight programmed VT distributions. The width of these
distributions is limited by many different physical phenomena, among which
electron injection statistics [21, 22] and RTN [62, 63, 111–113] represent severe
reliability constraints. In the case of nitride memory cells, the ∆VT,N statistical
spread may give an additional contribution to the dispersion of the programmed
VT distribution, as will be discussed in detail in the next section, where a scaling
analysis of the ∆VT,N statistical distribution will also be presented.

3.3 Scaling Analysis and Impact on Device Per-

formance

This section presents a detailed analysis of the scaling of the ∆VT,N distribu-
tion in nitride memories and of its impact on device performance. For the same
electron density stored in the nitride layer, conventional cell scaling is shown to
reduce the average ∆VT,N (∆VT,N ) and to increase its dispersion. The reduc-
tion of ∆VT,N is due to 3-D electrostatics, displaying fringing fields at the cell
corners that reduce the impact of stored electrons on cell VT [25]. The ∆VT,N

dispersion is shown to increase the width of the programmed VT distribution
when a staircase algorithm is used for a more accurate VT placement [20]. A fur-
ther burden for the staircase algorithm accuracy is given by random telegraph
noise (RTN) instabilities, whose amplitude is enhanced by percolative substrate
conduction in presence of atomistic doping [51, 52, 62, 63, 104,109,111–114]. As
localized charge stored in the nitride was shown to affect the percolation paths in
the substrate, differences between RTN instabilities of neutral and programmed
cells may result. We will show at the end of the chapter, however, that despite
cell programming may change the amplitude of RTN fluctuations of each sin-
gle cell, the statistical distribution of RTN instability for the array is barely
modified.

3.3.1 Scaling of the ∆VT distribution

The statistical distribution of ∆VT,N was shown to result from the different
capability of localized electrons in the nitride to block source-to-drain conduc-
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W = L O/N/O Nsub

32 nm 4/4.5/5 nm 1.5× 1018 cm−3

25 nm 4/4.5/5 nm 3× 1018 cm−3

18 nm 4/4.5/5 nm 4.5× 1018 cm−3

Table 3.1: Device parameters of the investigated nitride cells, showing the thicknesses of the
gate stack (Oxide/Nitride/Oxide) and substrate doping (Nsub).

tion in presence of 3-D electrostatics and atomistic doping, both leading to
non-uniform substrate inversion. These effects are expected to worsen with cell
scaling, making the ∆VT,N statistical dispersion a possible reliability issue for
discrete-trap memories. In order to investigate this point, we performed numer-
ical simulations of the planar cell structure presented in the previous section,
scaling its width (W ), length (L) and substrate doping according to Table 3.1.
Thicknesses of the oxide/nitride/oxide layers used for the gate stack were not
modified, as these cannot be reduced due to a number of constraining physical
effects. First, 4 nm can be considered a lower limit for the bottom oxide thick-
ness, as data retention and disturb immunity cannot be safely guaranteed below
this value [115]. Second, reducing the nitride thickness has been shown detri-
mental for the achievable program/erase VT window, with a critical reduction
of the electron storage capability below 4 nm [116–119]. Finally, the top oxide
should be thicker than the bottom oxide to endure the erasing capability reduc-
ing the tunneling current from the gate and to avoid thar this layer becomes
the weak path for charge detrapping in data retention conditions, therefore we
kept a constant 5 nm thickness when scaling the cell. Note, moreover, that
assuming a relative dielectric constant nearly equal to 10 for Al2O3 [26], the
5 nm top oxide corresponds to nearly 13 nm of alumina, falling in the typical
range of thicknesses considered for the top dielectric of TANOS cells [29, 96].
This, however, should be considered as a first-order equivalence between the
two materials, as the pronounced 3-D electrostatic effects in scaled memory
cells requires an accurate comparative analysis.

Single-electron storage results

Fig. 3.12 shows the statistical distribution of the VT shift obtained when a sin-
gle electron is randomly placed in a localized position inside the nitride volume
(∆VT,1), for the three technology nodes of Table 3.1. A clear increase of both the
distribution average value (∆VT,1) and spread (σ∆VT,1

) appears as cell dimen-
sions are reduced, with, moreover, a larger slope (in mV/dec) of the exponential
tail departing to high ∆VT,1. The increase of ∆VT,1 is determined by the larger
areal density of stored charge as the active area is reduced. However, Fig. 3.13a
shows that the simulated ∆VT,1 (symbols) are lower than what expected from
the following simplified 1-D expression (dashed line in the figure):

∆VT,1 = − qteq

ǫoxWL
(3.1)
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Figure 3.12: Simulated statistical distribution of ∆VT,1 for the three cell structures reported
in Table 3.1.

where q is the electronic charge and teq = ttop + tN ǫox/2ǫN represents the
equivalent oxide thickness of the dielectric materials from the nitride central
position to the gate (ǫox, ǫN and ttop and tN are the oxide and nitride dielectric
constants and thicknesses, respectively). Note that simulation results for ∆VT,1

as a function of 1/WL in Fig. 3.13a are actually lower than what predicted
by (3.1). A ratio of 1.96, 2.09 and 2.31 can be extracted between the ∆VT,1

expected from 1-D calculations and the value obtained from 3-D simulations
for the 32 nm, 25 nm and 18 nm cells, respectively. This reveals that the
control exerted by the stored electron on cell conduction is smaller than what
predicted by 1-D calculations and differences increase as cell is scaled down. This
effect is related to field fringing [25] and can be reproduced only in the case 3-
D electrostatics and substrate conduction in presence of atomistic doping are
accounted for in the simulations. This point will be discussed in more detail
later, considering also the results from multi-electron storage.

Fig. 3.13b shows the simulated increase of σ∆VT,1
with scaling. This increase

is attributed to more relevant percolative effects in the substrate when cell
dimensions are reduced, due to enhanced 3-D electrostatics and a more relevant
role played by the atomistic nature of substrate dopants. Note that the increase
of the spread and of the exponential tail of the distributions in Fig. 3.12 allows,
for a fixed probability level, for larger and larger ∆VT,1 as cell is scaled down.
Assuming, for instance, a reference probability equal to 5× 10−2 (a quite large
probability value for state-of-the-art NAND memory arrays), Fig. 3.12 predicts
that the maximum single-electron shift increases from nearly 25 mV to 40 mV
to 60 mV when moving from the 32 nm to the 25 nm to the 18 nm technology.
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Figure 3.13: ∆VT,1 (a) and σ∆VT,1
(b) from our numerical simulations as a function of the

reciprocal of cell area. In (a) the expected linear dependence calculated by (3.1) is also shown.
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Figure 3.14: Simulated statistical distribution of ∆VT,N in the case of N = 26, 50 and 82
electrons for the 18 nm, 25 nm and 32 nm technology, respectively.

Multi-electron storage results

In order to investigate the statistical distribution of the VT shift determined
by multi-electron storage in the nitride, we considered the case of N = 26,
50 and 82 electrons randomly placed in the nitride of the 18 nm, 25 nm and
32 nm technology cell, respectively. These N values result into the same trapped
charge density in the nitride for the three cell dimensions reported in Table 3.1,
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Figure 3.15: ∆VT,N (a) and σ∆VT,N
(b) from the numerical simulations of Fig. 3.14. In (a)

results calculated by (3.2) are also shown.

nearly equal to 8 × 1012 electrons/cm2. As a consequence, the same average
∆VT,N (∆VT,N ) should be obtained from simplified 1-D calculations:

∆VT,N = − Nqteq

ǫoxWL
(3.2)

However, Fig. 3.14 shows that the simulated statistical distribution of ∆VT,N

displays a reduction of ∆VT,N as cell dimensions decrease. The extracted ∆VT,N

are reported in Fig. 3.15a and compared with the constant value nearly equal
to 2.3 V predicted by (3.2): quite smaller average shifts are obtained from
3-D numerical simulations, confirming the reduced stored electron control on
substrate conduction that already appeared from Fig. 3.13. In particular, the
ratios between expected 1-D predictions and simulation results are the same that
were obtained considering ∆VT,1. Note, in fact, that the ∆VT,N = N ×∆VT,1

holds both for 1-D calculations and for 3-D simulations [120].
Fig. 3.15b shows that the spread of the distributions in Fig. 3.14 increases

when scaling cell size. This spread is, however, lower than what predicted
assuming an uncorrelated superposition of N single-electron ∆VT , as discussed
in detail in the previous section. In particular, the ratio σ∆VT,N

/(
√
Nσ∆VT,1

) is
nearly equal to 0.8 for all the three cell dimensions.

Fringing–fields effect on ∆VT

Results presented in previous paragraphs reveal that large differences exist be-
tween 3-D simulations and simplified 1-D calculations for the planar cell struc-
ture investigated in this work. Besides the inability to predict the ∆VT,N statis-
tical dispersion, 1-D calculations fail also in evaluating ∆VT,N , as evident from
Figs. 3.13-3.15. This is a result of 3-D electrostatics, contributing to the reduc-
tion of the average VT shift in two different ways. First, the gate-to-channel
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Figure 3.16: Electrostatics simulations for the 25 nm cell (along the W direction) in the case
of 0 (a) and 50 electrons (b) stored in the nitride, with a 3 V bias applied to cell gate. Electric
field lines (whose number is not related to the field strength) and electron concentration in
the substrate (according to the color bar) are shown.

capacitance (CGC) for the 3-D structure largely differs from what predicted
by 1-D calculations. This is due to fringing fields at the active area edges, as
shown in Fig. 3.16a for the 25 nm cell structure. A large spreading of the fields
lines appears from the active area edges towards the gate in the W direction,
determining an increase of the active gate area with respect to the substrate
active area for CGC evaluation. Referring for simplicity to the strong inversion
regime, 1-D calculations predict CGC = 1.87 aF, while 3-D simulations give
CGC = 2.5 aF. As a consequence of the larger CGC value, in the real 3-D case
the reduction of the substrate inversion charge that is determined by electron
storage in the nitride can be balanced by an increase of the gate voltage that is
lower than what predicted by 1-D electrostatics.

In addition to the CGC increase, there is a second effect contributing to low-
ering ∆VT,N , which is related to the amount of charge induced on the subtrate
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Figure 3.17: Simulated ∆VT,rtn−50 as a function of ∆VT,rtn−0 for our 25 nm cell.

(Qind) by the electrons stored in the nitride. When an electron is placed at the
center of the active area the fraction of its charge that is induced on the channel
is nearly equal to the ratio between teq and the equivalent oxide thickness of
the whole gate stack. However, this is no longer true if the electron is placed at
the nitride edges along L or W : in the former case some charge is induced on
the junctions and not on the channel, in the latter more charge is induced on
the gate by fringing fields. Both these phenomena contribute to the reduction
of the charge induced on the channel and therefore to the reduction of ∆VT,N .
For example, Fig. 3.16b shows the field lines in the case 50 electrons are uni-
formly placed in the nitride volume of the 25 nm cell, showing their possibility to
modify the fringing fields of Fig. 3.16a. Referring again to the strong inversion
regime, the variation of the substrate inversion charge due to electron storage in
the nitride from 3-D simulations is equal to Qind = 2.84 aC, and not to 4.3 aC
as predicted by 1-D calculations.

As a result of the larger CGC and the lower Qind with respect to 1-D calcu-
lations, 3-D simulations predict ∆VT,N ≃ Qind/CGC = 2.84aC/2.5aF= 1.13 V,
which is in good agreement with the ∆VT,N value reported in Fig. 3.15a for the
25 nm cell. Moreover, these results explain also the lowering of ∆VT,N with
cell scaling predicted by 3-D simulations in Fig. 3.15a. In fact, fringing-field
effects are more relevant as active area is reduced, as the cell dielectric stack
thicknesses are not modified. As a final remark, note that fringing–field effects
reported in this Section are strictly related to the particular cell geometry inves-
tigated in this work, as different designs of the 3-D cell can increase or alleviate
these effects [24, 25].
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Figure 3.18: Simulated cumulative ∆VT,rtn distribution in the case of 0, 1 and 50 electrons
stored in the nitride of our 25 nm cell.

3.3.2 RTN instabilities

RTN represents an additional constraint for the accuracy of the programming
operation. Differently from the ∆VT,N dispersion previously investigated, RTN
is related to the presence of traps in the cell bottom oxide, capturing/emitting
electrons at random instants of time.

The statistical distribution of the amplitude of single-trap fluctuations was
shown as one of the most important ingredients to characterize RTN instabilities
in Flash memories [105, 108, 111]. An exponential behavior was shown for this
distribution in the case of floating-gate Flash arrays, allowing quite large VT

fluctuations to exist, even if at low probability levels [66]. This was mainly
attributed to atomistic doping and 3-D electrostatics, allowing a single RTN
trap localized over a substrate percolation path to largely stop source-to-drain
conduction, similarly to what reported for nitride traps in the previous section.
Moreover, the exponential distribution decay constant λ (in mV/dec) was shown
to increases with cell scaling [105], becoming a major issue for deca-nanometer
Flash arrays.

RTN was shown to constrain the reliability of nitride-based memories as
well [121]. Despite the basic phenomenology highlighted for floating-gate de-
vices should also apply for SONOS/TANOS arrays, the localized nature of the
stored charge in this devices may arise a noticeable difference with respect to
conventional Flash memories [114]. In fact, electron storage in discrete nitride
traps was shown in the previous section to modify the current density profile in
the substrate, which critically affects the fluctuation amplitude of RTN traps.
This means that, in principle, different RTN amplitudes can be observed for the
neutral and the programmed cell state in the case of nitride-based memories,
while no such behavior was observed for floating-gate cells [114]. In order to in-
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vestigate this point, we performed numerical simulations of RTN amplitudes for
our nitride cells. Using the same Monte Carlo procedure reported in the previous
section, we evaluated cell VT with and without a single negatively-charged RTN
trap randomly placed at the substrate/bottom oxide interface. The resulting
VT difference (∆VT,rtn) represents the trap RTN amplitude, which varies statis-
tically due to its different position over the active area and the different dopant
configuration in the substrate [105]. In order to investigate RTN amplitudes in
the neutral and programmed cell state, for the same RTN trap position ∆VT,rtn

was calculated assuming 0 (∆VT,rtn−0) and N (∆VT,rtn−N ) electrons stored in
the nitride. Fig. 3.17 shows ∆VT,rtn−50 as a function of ∆VT,rtn−0 for our 25 nm
cell (similar results were obtained for the other cell dimensions): the possibility
for localized charge storage in the nitride to actually modify substrate conduc-
tion clearly appears from this figure as a change in the RTN amplitude for the
neutral and the programmed cell state. Moreover, note that programming can
either enhance or reduce the amplitude of an RTN trap and that this depends
on how substrate conduction is modified by the localized nitride charge. How-
ever, Fig. 3.17 shows that there is a strong correlation between ∆VT,rtn−50 and
∆VT,rtn−0, meaning that the RTN amplitude variation after program is low
when compared to the initial amplitude.

Despite the differences reported in Fig. 3.17 between the neutral and pro-
grammed cell state, Fig. 3.18 shows that the cumulative distribution of ∆VT,rtn

is barely modified by cell programming. In fact, Fig. 3.18 reveals that the expo-
nential distribution [108] for ∆VT,rtn has negligible changes when moving from 0
to 1 to 50 electrons in the nitride of our 25 nm cell. This is due to two main rea-
sons, both related to the variations of ∆VT,rtn obtained when moving from the
neutral to the programmed cell state in Fig. 3.17 (vertical displacements of the
simulation points from the dashed line): 1) the variations are relatively small if
compared with the dispersion of ∆VT,rtn for the neutral cell; 2) no preferential
direction for the variations appears from the figure, i.e. they can be positive or
negative. These results reveal that 3-D electrostatics and atomistic substrate
doping play the main role in determining RTN statistics also for nitride-based
memories, with a marginal role of electrons locally stored in the nitride.

This last observation is very important in justifying the work we will present
in chapter 5. In that case we will report a doping engineering study realized
to suppress the RTN instabilities in Flash memories. To carry out the study
we have adopted a floating-gate device template instead of a charge-trap device
template. The reasons for this choice are manifold: (i) no comprehensive doping
optimization studies are reported in literature for the floating-gate technology
(that is the current technology in production), (ii) the simulation of floating-
gate devices is computationally less costly respect to the charge-trap case, (iii) as
previously shown, despite in charge-trap memories the cell programming may
change the amplitude of RTN fluctuations of each single cell, the statistical
distribution of RTN instability for the array is barely modified.
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3.4 Conclusions

This chapter presented a comprehensive investigation of statistical effects in
deeply-scaled nitride memory cells, highlighting that 3-D electrostatics, atom-
istic substrate doping and charge localization in the nitride volume result into
a statistical dispersion of ∆VT . The local electrostatic effect of stored electrons
and percolative substrate conduction were shown as the main reason for the
∆VT spread.

A scaling analysis of the statistical distribution of ∆VT in nitride memories
was also provided. For fixed density of trapped charge, the average ∆VT was
shown to decrease as a consequence of fringing fields, not predictable by any
1-D simulation approach. Moreover, the distribution statistical dispersion was
shown to increase with technology scaling due to a more sensitive percolative
substrate conduction in presence of atomistic doping and 3-D electrostatics.
The impact of these effects on RTN instabilities were then highlighted, showing
that locally stored charges in nitride have a marginal role in determining RTN
statistics.



Chapter 4

Programming variability in

charge-trap memories

This chapter presents a detailed investigation of charge-trap mem-
ory programming by means of 3-D TCAD simulations accounting
both for the discrete and localized nature of traps and for the statis-
tical process ruling granular electron injection from the substrate
into the storage layer. In addition, for a correct evaluation of the
threshold-voltage dynamics, cell electrostatics and drain current
are calculated in presence of atomistic doping, largely contributing
to percolative substrate conduction. The first part of the chapter
shows that the low average programming efficiency commonly en-
countered in nanoscale charge-trap memories mainly results from
the low impact of locally stored electrons on cell threshold voltage
in presence of fringing fields at the cell edges. The second part
of the chapter addresses the programming variability arising from
the discreteness of charge and matter. Results show that the injec-
tion variability source plays the dominant role in determining the
statistical dispersion of cell threshold voltage during the program
operation when compared to the random dopant and random trap
variability sources.

4.1 Introduction

D
iscreteness of charge represents a major variability source for the pro-
gram operation of nanoscale floating-gate and charge-trap memory de-

vices, compromising the tightness of the programmed threshold-voltage (VT )
distribution obtained by incremental step pulse programming (ISPP, see chap-
ter 1) [21, 22, 122–126]. Cell scaling reduces, in fact, the number of electrons
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to be transferred to the storage layer during programming and this makes the
statistical process ruling their injection a non-negligible spread source for cell
VT transients. A detailed investigation of the impact of charge granularity on
the programming performance of conventional floating-gate Flash arrays has
been presented in [21, 22]. The possibility to extend the same analysis to
charge-trap memory devices is, however, complicated by the additional vari-
ability contributions given by the discrete number of traps in the cell storage
layer and by the localized electron storage therein. Percolative source-to-drain
conduction, due to fringing fields at the cell corners and atomistic substrate
doping [45, 51–53, 104, 105, 107], makes, in fact, not only the fluctuation of the
trap number in the cell but also of the trap position over the channel a major
variability source for nanoscale cells [54, 55].

Before dealing with the program variability effects, it is mandatory, however,
to understand the physics underlying the programming efficiency of charge-trap
memories, which has been shown to largely decrease when device dimensions
are reduced to the deca-nanometer scale [24, 25, 103, 127]. Referring to the
incremental step pulse programming (ISPP, see chapter 1) algorithm [20, 128],
in fact, significant differences have been shown to appear in the ratio between
the threshold-voltage increase per step (∆VT,s) and the step amplitude (Vs) for
large area capacitors and nanoscale cells. While the ratio is only slightly below
1 for the former, at least far from the saturation of the available traps in the
storage layer [23], quite lower values in the 0.5-0.65 range are typically reported
for the latter [24, 103, 127]. Despite the decrease of the ISPP slope for small
area cells has been clearly correlated not only to cell dimensions but also to cell
geometry [25], its origin has not be well assessed so far.

We will start the chapter trying to study and clarify the physics governing
the programming efficiency, while we will address the programming variability
topic in the second part of the chapter.

4.2 Programming dynamics and efficiency

In this section, we present a detailed simulation analysis of the ISPP dynamics
on nanoscale charge-trap memory cells, highlighting the basic features of the
electron storage process and its impact on cell threshold voltage (VT ). In order
to account in detail for all the effects of discreteness, 3-D TCAD simulations
have been performed accounting for the discrete nature both of traps in the
storage layer and of the electron flow charging it [21,22,54,55,122]. Moreover, to
carefully evaluate the impact of each single stored electron on cell VT , substrate
doping was treated as atomistic when solving for cell electrostatics and source-
to-drain current conduction [45, 51–53, 104, 105, 107]. Statistical results were
collected following a Monte Carlo approach, randomly changing the number and
position of both the nitride traps and the substrate dopants and reproducing
the stochastic process ruling discrete electron injection into the storage layer
during programming. The average results from the Monte Carlo simulations
show that the low programming efficiency of nanoscale charge-trap cells mainly
results from the low impact of locally stored electrons on VT due to fringing
fields at the cell edges. This is also supported by results from a continuous 3-D
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Figure 4.1: TCAD structure for the simulated 18 nm MONOS cell, highlighting discrete
dopants in the substrate and discrete traps in the nitride. Red regions: n implants; blue
regions: p substrate; oxide regions are not shown for clarity.

model for the program operation, including only the localized nature of charge
storage but neglecting the discreteness of traps, dopants and electron flow.

4.2.1 Physics-based numerical model

Fig. 5.1 shows the TCAD structure of the charge-trap memory cell investigated
in this work, featuring an aluminum metal gate, a bottom-oxide/nitride/top-
oxide (ONO) dielectric stack with thicknesses equal to 4/4.5/5 nm, and STI
trenches at the active area edges. Note that the nitride layer is patterned
over the channel area, having width (W ) and length (L) equal to 18 nm. The
gate extends, instead, beyond the active area in the W direction, remaining
completely planar. A uniform substrate doping Na = 4.2 × 1018 cm−3 was
assumed, discretizing the acceptor atoms in the channel region down to 25 nm
from the bottom-oxide interface. A trap density equal to Nt = 6 × 1019 cm−3

was assumed for the nitride. Criteria for doping and nitride traps discretization
are the same adopted in the previous chapter.

Fig. 4.2 shows the simulation procedure adopted for the statistical analysis
of the ISPP dynamics. After the definition of the deterministic features of the
device, a first Monte Carlo loop was used to gather information on cells hav-
ing different stochastic configurations of atomistic dopants and nitride traps,
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Figure 4.2: Block diagram for the simulation procedure used to statistically investigate ISPP
on nanoscale charge-trap memories.

obtained drawing their number from a Poisson statistics and their spatial posi-
tion from a uniform distribution in their discretization region. Assuming empty
traps in the nitride, neutral cell VT was extracted from the drain current vs.
gate voltage (ID–VG) transcharacteristics, calculated solving the drift-diffusion
equations as discussed in chapter 3, keeping source and bulk grounded and drain
at VD = 0.7 V. An inner Monte Carlo loop was then used to simulate the elec-
tron injection process during each ISPP step: once cell electrostatics is solved
for VG = VG,prog (with source, drain and bulk grounded), the tunneling current
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density J(x, y) is calculated over the channel area in the WKB approximation
and taking into account the local electron supply in each point of the channel,
then computing the average electron injection time from the substrate to each
trap as:

τ inj =
q

∫

σ J(x, y) dxdy
, (4.1)

where q is the electron charge and the integral is evaluated on an area equal to
the trap capture cross-section σ (assumed equal to 10−14 cm2 throughout this
work [26]) centered at the trap position. Then, for each trap, the stochastic
electron injection time τinj was drawn from an exponential distribution with
average value equal to its corresponding τ inj , and a single electron is placed in
the nitride trap having the smallest τinj . This value is added to the total time
t elapsed since the beginning of the program operation, then going back to the
solution of cell electrostatics with the new electron in the nitride and repeating
the calculations for the stochastic injection of the next electron until the end of
the ISPP step. When this happens, the ID–VG transcharacteristics is calculated
again to extract cell VT after the programming step, then reentering the Monte
Carlo loop for electron injection after adding Vs to VG,prog. The simulation flow
reaches its end when VG,prog equals the maximum value selected for the ISPP
algorithm.

As a final remark, note that the model does not include the possibility for
electron emission from filled nitride traps. This process is surely very important
in the late stages of the program operation, when the number of electrons stored
in the nitride is large and the electric field within the top oxide is high [26]. The
analysis is therefore expected to hold for VT values far from the saturation of
the available traps in the nitride. Moreover, no trapping was included in the
bottom- and in the top-oxide layers, which were considered as ideal trap-free
dielectrics. Despite this choice allows the investigation of the ultimate program-
ming performance of the charge-trap technology, trapping in the top dielectric
should be carefully taken into account when a high-k material is adopted. Sim-
ilarly to electron emission, results on TANOS memories revealed, in fact, that
trapping in the top alumina layer has a non-negligible impact on the late stages
of the programming transient [129–131].

4.2.2 Electron injection

In order to highlight the basic features of the statistical process leading to
discrete electron injection into the nitride traps, ISPP was first investigated on
a single stochastic cell, having a random configuration of substrate dopants and
nitride traps, whose number was set nearly equal to the corresponding average
value. Fig. 4.3 shows J(x, y) over the channel area in the case of VG,prog =
13 V and empty nitride, representing the initial condition for the simulated
ISPP. A largely non-uniform tunneling current density clearly appears, with a
higher J(x, y) at the STI corners where field peaks occur (see chapter 3). As
a result, τ inj strongly depends on the trap position over the channel, as shown
in Fig. 4.4: traps placed near the active area edges along W display a smaller
average capture time than traps located near the channel center, with only a
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Figure 4.3: Tunneling current density J(x, y) at the channel surface of the stochastic cell
investigated in Sections 4.2.2-4.2.3, for VG = 13 V and empty nitride (beginning of ISPP).
Squares are trap positions in the nitride.
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Figure 4.4: Average injection time into the nitride traps (τ inj) as a function of trap position
along W (left) and L (right), for VG = 13 V and empty nitride. Channel center is at (0, 0).
Dashed-lines are average trend guidelines.

relatively small statistical dispersion of the scatter plot. This dispersion is due,
first of all, to a weak τ inj dependence on the trap position along L, resulting into
a slightly smaller capture time when the trap is placed half-way between source
and drain than near the junctions. Moreover, τ inj also depends on the trap
position along the nitride thickness when the trap is vertically aligned to other
traps. In this case, in fact, the injected electron is assumed to be captured
by the lowest trap in the stack, and τ inj for the higher traps was calculated
by limiting the integral in (4.1) only to the fraction of the σ projection not
shadowed by the lowest traps.
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Figure 4.5: Average distance of trapped electrons from the channel center (i.e., (0, 0)) in the
W and L direction as ISPP proceeds (dashed line represents the expected average distance in
the case electrons were uniformly distributed over the channel). The average vertical position
of the trapped electrons in the nitride is also shown (0 is the bottom-oxide/nitride interface).

From the results of Figs. 4.3-4.4, electron storage in the nitride layer is not
uniform during programming. This is shown in Fig. 4.5, where the average dis-
tance of stored electrons from the channel center is reported along the L and
W directions. If electrons were uniformly stored in the nitride, their average
distance from the channel center in our 18 nm cell should be 4.5 nm (dashed line
in the figure). Fig. 4.5 shows, instead, that the real distance in the W direction
is larger than this value during the first steps of ISPP, due to a larger electron
injection/capture near the cell STI corners. However, such a trapped charge
reduces the tunneling probability in the same regions, making electron trapping
in the central part of the channel more and more important as programming
proceeds. As a result, the average electron distance from the channel center
decreases and approaches 4.5 nm. The same Fig. 4.5 also shows a weak increase
of the stored charge position along L: this trend can be explained considering
the results in Figs. 4.3-4.4, showing that during the initial ISPP steps electrons
are nearly stored half-way between source and drain. Note, however, that dis-
uniformities in the electron distribution along L are recovered as ISPP proceeds,
with the mean stored charge position approaching 4.5 nm. Finally, Fig. 4.5 also
shows that the average distance of stored electrons from the nitride/bottom-
oxide interface slightly increases as programming proceeds.

4.2.3 ∆VT transients and ISPP efficiency

The impact of electrons stored in the nitride layer on cell VT is strongly affected
by fringing fields and atomistic substrate doping [54, 55]. In fact, both these
effects result into a non-uniform source-to-drain current density on the active
area during read, as shown in Fig. 4.6, where percolative substrate conduction
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Figure 4.6: Source-to-drain current density at the channel surface of the stochastic cell
investigated in Sections 4.2.2-4.2.3, during read at VG = VT with empty nitride. Squares are
trap positions in the nitride.

clearly appears. Note that the current density profile is not symmetrical in
the W direction, as expected in presence only of field intensifications at the
cell STI corners, due to the variability contribution given by atomistic doping
on substrate inversion. In these conditions, the VT shift (∆VT ) obtained by a
single electron stored in the nitride depends on the electron position over the
active area, with electrons placed above a current percolation path having a
larger impact on VT than the others, thanks to their larger possibility to stop
source-to-drain conduction. This is shown in Fig. 4.7, where the ∆VT produced
by a single electron placed in the different nitride traps is reported as a function
of the trap position along W and L. Besides the dispersion of the scatter
plot, matching the current density profile in Fig. 4.6, the resulting ∆VT in this
graph are all below the 1-D prediction ∆V 1−D

T = q/C1−D
NG ≃ 88 mV, where

C1−D
NG = 1.81 aF is the 1-D capacitance from the nitride center to the gate,

given by:

C1−D
NG = ǫox

WL

teq
(4.2)

with teq = ttop + tN ǫox/2ǫN representing the equivalent oxide thickness of the
dielectric materials from the nitride central position to the gate (ǫox, ǫN and
ttop and tN are the oxide and nitride dielectric constants and thicknesses, re-
spectively). The smaller ∆VT in Fig. 4.7 with respect to the 1-D prediction is
the result of fringing fields in the 3-D electrostatics, increasing the gate coupling
both with the nitride stored charge and with the channel, as discussed in [54].

In order to correctly quantify the stored charge effect on cell VT , Fig. 4.8
shows the average number of electrons in the nitride (nt) as a function of the
average VT shift (∆VT ) at the end of the ISPP steps (Vs = 500 mV, step
duration τs = 10 µs), as resulting from more than 100 Monte Carlo simulations
on the investigated stochastic cell. From the slope of this graph, an effective 3-D
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Figure 4.7: ∆VT given by a single electron stored in the nitride layer as a function of the
trap position along W (left) and L (right). The channel center is at (0, 0).
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electrostatic capacitance C3−D
NG = 4.2 aF can be extracted, allowing a correct

evaluation of ∆VT as qnt/C
3−D
NG . Note, first of all, that the effective C3−D

NG is
larger than C1−D

NG , as required to give rise to ∆VT values lower than the 1-D
predictions in Fig. 4.7. However, C3−D

NG cannot be used to explore the variability
of the scatter plot, as C3−D

NG is defined from Fig. 4.8 using the integral of nt and
∆VT as programming proceeds, therefore averaging the different effect of stored
electrons on cell VT . Anyway, the displacement of the nt vs. ∆VT relation
from the linear behavior for large numbers of stored electrons in Fig. 4.8 clearly
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Figure 4.9: Monte Carlo simulation results for the ∆VT transients of the investigated nitride
cell.

highlights a change in the average impact of the stored charge on VT . This
reflects the displacement of the storage position from the STI cell corners to
the central channel regions as ISPP proceeds, in agreement with the results of
Fig. 4.5 and determining a consequent reduction of the stored electron control
on VT .

Fig. 4.9 shows some Monte Carlo simulations for the ∆VT transients during
ISPP on the same stochastic cell. Besides the statistical dispersion of the curves,
which will be addressed in detail in the second part of this chapter, an average
increase per step ∆VT,s ≃ 0.5Vs appears, confirming the low ISPP efficiency
commonly observed on charge-trap memories [24, 103, 127]. The low ∆VT,s/Vs

is mainly the result of the low impact exerted by stored electrons on VT and,
in turn, of the large effective C3−D

NG . Note that assuming for the electrons
an electrostatic control as in the 1-D case, the resulting ISPP slope would be
increased by the ratio C3−D

NG /C1−D
NG ≃ 2.3, i.e. it would be even a little bit larger

than 1. This means that the non-uniform J(x, y) and τ inj profiles over the active
area not only do not degrade the electron injection process, but enhance indeed
the process with respect to the 1-D case.

In order to exclude that the previous results are a specific feature of the single
stochastic cell investigated, we simulated the ISPP transient on a large num-
ber of different cells, following the complete Monte Carlo procedure of Fig. 4.2.
Fig. 4.10 shows the comparison between the average results from many ISPP
transients on the same cell and from a single ISPP transient on many stochas-
tically different cells, in terms of VT and ∆VT . Despite the number of atomistic
dopants in the substrate of the previously considered single cell was selected
nearly equal to the average value expected from Na, a higher neutral VT (i.e.,
VT at step 0) appears for this cell with respect to the average value of the cells
statistics. This is due to a significant impact of dopants position on cell neutral
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Figure 4.10: Average VT and ∆VT transients during ISPP simulated from many Monte
Carlo runs on the same single cell or from a single Monte Carlo run on many stochastic cells.
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Figure 4.11: Comparison between the average ∆VT transient during ISPP from our Monte
Carlo model and from a 3-D numerical tool treating substrate doping, nitride traps and the
programming electron flow as continuous.

VT , as shown in chapter 3. However, no significant difference appears between
the single- and the many-cell ∆VT transients in Fig. 4.10. This confirms in more
general terms the low programming efficiency of the investigate charge-trap cell,
leading an average ∆VT,s/Vs ≃ 0.5.

4.2.4 Scaling analysis

Results of Fig. 4.10 revealed that the low ISPP efficiency is a general feature
of nanoscale charge-trap memories, clearly appearing in the average program-
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Figure 4.12: Simulated average ∆VT transients during ISPP for different cell sizes.

ming behavior extracted from single- and many-cells statistics. Fig. 4.11 shows
that this average behavior can be reproduced, as reasonably expected, even ne-
glecting the discrete nature of charge and matter, i.e. using 3-D simulations
with continuous substrate doping, continuous trap density in the nitride and
continuous electron flow from the substrate to the nitride during programming.
These simulations were obtained by a numerical tool extending to 3-D geome-
tries the model for charge-trap memory programming that we presented in [26],
implementing electron trapping as [101,132]:

dn′

t (x, y)

dt
=
J (x, y)

q
σ [Nt − n′

t (x, y)] (4.3)

where n′

t(x, y) is the trapped electron density in the nitride. Note that, for a
correct comparison of the Monte Carlo and the continuous model, no emissivity
from filled electron traps was included in (4.3). Moreover, in the continuous tool
cell VT was obtained from the simulation of cell ID-VG transcharacteristics as
discussed in Fig. 4.2. Despite a small displacement of the ∆VT curves, mainly
attributed to numerical differences between the two simulation codes, Fig. 4.11
confirms, first of all, the correctness of the Monte Carlo approach for the pro-
gram operation we presented in Fig. 4.2. Moreover, the agreement between
the results of Fig. 4.11 makes possible the use of the continuous 3-D model to
investigate the programming performance when only the average results are of
interest. However, note that the Monte Carlo model allows a more complete
analysis of the program operation, including variability effects representing the
topic of the second part of this chapter.

Fig. 4.12 shows a scaling analysis of the ISPP ∆VT transient, obtained using
the continuous 3-D model for cell programming and assuming a reduction of
the cell area keeping the same gate stack investigated in the previous sections.
A reduction of the ISPP efficiency with cell scaling clearly appears, in terms
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Figure 4.13: Simulated average trapped electron density n′

t in the nitride during ISPP for
different cell sizes.

both of slope and of horizontal delay of the curves. This is due to a decreasing
impact of electrons stored in the nitride on VT as cell dimensions are reduced,
as discussed in Section 4.2.3. Fig. 4.13 shows, in fact, that the average n′

t curves
display a faster electron injection and storage in the nitride as scaling proceeds,
due to a larger field enhancement at the corners of the cell area.

4.3 Programming variability

This section presents a comprehensive analysis of the main statistical variabil-
ity sources affecting the program operation of nanoscale charge-trap memories.
Results were obtained by the 3-D TCAD model presented in the first part of
this chapter, running Monte Carlo simulations to deal with discrete traps in the
storage layer, atomistic doping in the substrate and granular electron injection
from the substrate to the storage layer. In so doing, the effect of three main vari-
ability sources impacting charge-trap memory programming was investigated:
the statistical process ruling electron injection and trapping, the fluctuation in
the number and position of the trapping sites and the statistical distribution
of the VT shift (∆VT ) induced by stored electrons in presence of percolative
substrate conduction. We show that discrete electron injection represents the
dominant effect for the statistical dispersion of cell ∆VT during programming
of nanoscale charge-trap memories.

4.3.1 Single-cell variability

Programming variability of charge-trap memories was investigated by means of
the Monte Carlo simulation tool and the template 18 nm MONOS cell presented
in the first part of the chapter. Fig. 4.14a shows some simulated VT transients
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Figure 4.14: Monte Carlo simulation results for the VT (a) and nt (b) transients during
ISPP with Vs = 500 mV and τs = 10 µs, on the same stochastic cell. The initial gate bias is
VG = 13 V.
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Figure 4.15: Scatter plot for the simulated ∆VT and nt achieved after 7 ISPP steps on the
same stochastic cell considered in Fig. 4.14.

during ISPP (step amplitude Vs = 500 mV, step duration τs = 10 µs) on a
single cell, having a random configuration of substrate dopants and nitride traps.
Despite cell configuration is fixed, a statistical dispersion of VT clearly appears
during programming, due to the statistics of electron injection and capture in
the nitride traps. Similarly to the case of floating-gate cells [21,22,122,123,126],
this process introduces fluctuations in the number of stored electrons (nt) at the
end of the ISPP steps, as shown in Fig. 4.14b. Note, however, that in the case
of charge-trap memories the fluctuation arises from a more complex physics,
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Figure 4.16: Simulated statistical distribution of τc for three traps of the MONOS cell
investiagted in Fig. 4.14.

involving the statistical charging of each single trap in the nitride. The discrete
and localized nature of traps makes not only the time but also the spatial
distribution of the electron injection events relevant, leading to an important
difference with respect to floating-gate devices. Despite the first part of this
chapter has shown that traps are on average filled starting from the active
area edges along W and half-way between source and drain along L, there is
a non-negligible statistical dispersion of the time τc at which each single trap
captures an electron. In other words, the sequence in time of trap filling adds
further fluctuations. This is confirmed by Fig. 4.15, showing ∆VT as a function
of the nt after 7 ISPP steps: at constant nt obtained from the Monte Carlo
simulations of the program operation, a different ∆VT may result. This is due
to the different locations of captured electrons, resulting in a different ∆VT as
discussed in chapter 3. Note, however, that the ∆VT dispersion at fixed nt is
significantly lower than that caused by the nt spread, thus confirming that the
statistical process ruling electron injection and capture is the main variability
source for program in the single-cell case.

The statistical distribution of τc for each nitride trap is not purely expo-
nential, due to two main reasons. The first is the rise of the gate bias VG as
ISPP proceeds, increasing the tunneling current density J(x, y) at the substrate
surface and, in turn, reducing the average value of the electron injection time
τ inj towards each trap. This contributes to an hyper-exponential bahavior of τc,
with a smaller probability of long τc with respect to the pure exponential case,
as clearly appearing in Fig. 4.16. This figure shows the statistical distribution
of the time τc at which three of the traps of the stochastic cell investigated in
Fig. 4.14 capture their electron during the ISPP transient, as obtained from
many Monte Carlo simulations of the program operation, highlighting that the
increase of the gate bias during programming forces trapping to take place. Be-
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Figure 4.17: Tunneling current density J(x, y) at the channel surface of the stochastic cell
investigated in Section 4.3.1, in the case of empty nitride (top) and when a single electron is
stored in the nitride (bottom). The gate voltage is VG = 13 V. Squares are trap positions in
the nitride.

sides this effect, deviations of the τc distribution from the exponential behavior
are also due to electron storage in neighboring traps. When an electron is stored
in the nitride its negative charge gives rise to a reduction of the bottom-oxide
electric field and of J(x, y) in its close proximity. This is shown in Fig. 4.17,
where J(x, y) at VG = 13 V is reported in the case nitride traps are all empty
(top) and when an electron is stored in a single trap (bottom). A deformation
of the contour plot appears near the negatively charged trap, highlighting an
increase of τ inj in these regions. The variation of τ inj for the traps in Fig. 4.17
that results from the single electron storage is quantitatively shown in Fig. 4.18
as a function of traps position along W (left) and L (right). A clear local ef-
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Figure 4.18: τ inj increase for the traps of the cell of Fig. 4.17 that is determined by the
storage of a single electron in the nitride (results are normalized to the τ inj value for the case
of empty nitride), as a function of trap position along W (left) and L (right). (0, 0) is the
channel center.

fect appears, with a significant τ inj increase only for those traps located close
to the electron storage point. This effect represents a non-negligible difference
between the statistical charging process of charge-trap and floating-gate memo-
ries. When a single electron is stored in a floating-gate cell, in fact, the electric
field feedback reducing the tunneling current from the substrate acts over the
whole active area, resulting into a global increase of the average time required
for the next electron injection [21, 22]. Figs. 4.17-4.18 show, instead, that the
local nature of the field feedback in the case of charge-trap memories makes
traps close to the first electron storage position to largely increase their τ inj ,
while traps far from it to have their τ inj barely modified. This makes the field
feedback effect more complex to investigate than in the case of floating-gate
cells, preventing a simple extension of the analysis presented in [22] and making
Monte Carlo 3-D simulations the most suited approach for the programming
spread analysis of charge-trap devices.

4.3.2 Many-cells variability

Fig. 4.19 shows some simulated programming transients on stochastically dif-
ferent 18 nm MONOS cells, as obtained from the Monte Carlo model presented
in the first part of this chapter. Cells have different configurations of atomistic
dopants in the substrate and of traps in the nitride, obtained drawing their
number and position from a Poisson and a uniform distribution, respectively.
Atomistic doping gives rise, first of all, to a statistical dispersion of neutral
(empty nitride) cell VT , corresponding to the VT value at step number 0 in
the figure. This is due to the randomness introduced by atomistic doping in
the non-uniform substrate inversion, leading to the possibility for cells to reach
the threshold condition with stochastically different current percolation paths
between source and drain [45, 51–55,104,105,107].
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Figure 4.19: Monte Carlo simulation results for the VT transients during ISPP (Vs =
500 mV, τs = 10 µs, initial VG = 13 V) on stochastically different 18 nm MONOS cells.
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Figure 4.20: Simulated ∆VT (a) and nt (b) achieved after 7 ISPP steps on stochastically
different cells, as a function of the number of traps in the cell (NT ).

In addition to the dispersion of neutral cell VT , Fig. 4.19 highlights statistical
fluctuations in the VT increase as programming proceeds, similarly to Fig. 4.14.
For a comprehensive analysis of these fluctuations in the case many stochasti-
cally different cells are considered, it should be noted that besides the electron
injection statistics and the randomness of the ∆VT resulting from electron stor-
age in traps placed at different spatial positions over the channel, the statistical
dispersion of the number of traps NT in the nitride represents an additional
spread source for programming. In order to investigate this point, Fig. 4.20
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Figure 4.21: Same as in Fig. 4.15, but for many stochastically different cells.

shows, for each cell, the simulated ∆VT (a) and nt (b) achieved after 7 ISPP
steps as a function of NT . Despite the correlation leading to a larger ∆VT and
nt for cells having higher NT (see the fit lines), the wide spread of the points
reveals that the fluctuation of the initial number of traps is not a main source of
variability during ISPP. Moreover, Fig. 4.21 directly shows the scatter plot for
∆VT as a function of nt after 7 ISPP steps. Despite the vertical dispersion of the
points is larger than that of Fig. 4.15, due to the additional randomness given
by the change in the atomistic dopants configurations in the substrate when
different stochastic cells are considered, this contribution is however still much
lower than the total ∆VT dispersion in the graph. The result highlights that
the statistical spread coming from the different locations of trapped electrons
over the channel plays a minor role in the total ∆VT variability.

In summary, the results of Figs. 4.20-4.21 show that the statistics of elec-
tron injection and capture in the nitride traps is the dominant spread source
for charge-trap based nanoscale cells, with minor contributions coming from the
statistical fluctuations of trap number and positions in the nitride and from
atomistic doping and percolative substrate conduction during read. Note, how-
ever, that this conclusion relies on considering the ISPP transients far from the
saturation of all the available nitride traps. If the program operation is ex-
tended closer to the limit when all the available traps are filled, the resulting
∆VT spread would be mainly determined by the NT spread.

4.3.3 Sub-poissonian nature of the charge injection statis-

tical process

In order to further confirm that the statistics of electron injection and cap-
ture represents the dominant variability source for the program operation of
nanoscale charge-trap memories, the cumulative distributions of ∆VT from single-
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Figure 4.22: Simulated statistical distribution of ∆VT evaluated between step 7 and step 3
of the ISPP algorithm, in the case of single-cell (i.e., fixed trap configuration) and many-cells
(i.e., variable trap configuration) statistics. Nearly 100 Monte Carlo simulations were used to
gather the statistical results.
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Figure 4.23: Simulated σ∆VT
vs. ∆VT results from single- and many-cells statistics. Step

#0 or #3 has been used to evaluate ∆VT .

cell and many-cells statistics are compared in Fig. 4.22. ∆VT was calculated as
the VT shift between step 7 and step 3 of the ISPP transients shown in Fig. 4.14
and Fig. 4.19 for the single- and the many-cells case, respectively. Note that the
choice not to evaluate ∆VT with respect to the neutral cell state (e.g., VT at
step 7 minus VT at step 0) for this comparison is required by the deterministic
initial condition of the single-cell transients. In fact, even if both single-cell and
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Figure 4.24: Experimental σ∆VT
vs. ∆VT from many ISPP ramps on the same charge-trap

memory cell. Results are shown for a 52× 52 nm2 and a 32 × 32 nm2 cell, using ISPP ramps
with Vs = 300 mV and 100 mV.

many-cells Monte Carlo ISPP simulations start from a neutral nitride condition,
in the former case trap configuration in the nitride is fixed, while it is random in
the latter case. As a consequence, the statistical dispersion of ∆VT from many-
cells statistics would surely be larger than that from single-cell simulations if
∆VT were evaluated with respect to step 0. In order to obtain a meaningful
comparison of ∆VT , therefore, this has to be evaluated between steps in the
central part of the ISPP transients, i.e. considering a reference step for the
∆VT evaluation after some trapping has already taken place, to have a random
configuration of empty traps at the beginning of the ISPP steps used for ∆VT

evaluation in both cases.

Fig. 4.22 shows that similar ∆VT spread (σ∆VT
) values are obtained from

single- and many-cells statistics, confirming that the additional randomness in-
troduced by the fluctuation of NT , trap positions and atomistic doping, when
different cells are considered, plays a minor role with respect to the electron
injection and trapping statistics. This is also shown in Fig. 4.23, where σ∆VT

is reported as a function of the average ∆VT (∆VT ). Curves are obtained by
cumulating some ISPP steps starting from a reference one, namely step #0 and
step #3 in the figure. Results are quite similar independently of being collected
from single-cell or from many-cells statistics. They look, moreover, like those
previously reported for floating-gate devices [21, 22, 122]. In fact, for low-∆VT ,
results reveal that the electron injection process behaves as poissonian, with
σ∆VT

depending on the square root of ∆VT . This is due to the negligible ef-
fect of field-feedback in the bottom oxide when a small number of electrons are
stored in the nitride layer, making electron injections events almost uncorre-
lated. However, for increasing ∆VT , the field-feedback becomes more and more
important and gives rise to a saturation of σ∆VT

, with the electron injection
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Figure 4.25: Simulation results for the cumulative distribution of the programmed VT ob-
tained after ISPP with Vs = 500 mV and assuming a verify level at VPV = 3.7 V. Results are
obtained from many-cells statistics.

process becoming sub-poissonian [21, 22, 122]. The whole σ∆VT
vs. ∆VT curve

may be described by the following relation, originally derived for floating-gate
cells [22]:

σ∆VT
=

√

q

γCNG

(

1− e−γ∆V T

)

. (4.4)

where q is the electron charge and CNG is the 3-D electrostatic capacitance be-
tween the gate and the nitride relating the average number of trapped electrons
nt with ∆VT , as discussed in the first part of this chapter. The parameter γ
in (4.4) quantifies the field-feedback exerted by electron trapping in the cell.
Despite this parameter has a well-defined expression in the case of floating-gate
devices [22], for nitride cells it has been used as a fitting parameter, due to the
strong differences in the field-feedback process in the case of charge-trap memo-
ries, as discussed in Section 4.3.1. By fitting the simulation results of Fig. 4.23,
it turns out γ = 1.8 V−1.

As a validation of the simulation results for the programming spread, Fig. 4.24
shows that the same σ∆VT

vs. ∆VT behavior is experimentally observed on 52
and 30 nm charge-trap cells. Results were obtained from many ISPP operations
on the same single-cell, in the case of Vs = 300 mV and Vs = 100 mV. Moreover,
the comparison of the results from samples with different dimensions reveals the
increase of σ∆VT

as scaling proceeds. This is due to the more severe variabil-
ity introduced by the electron injection process in the program operation as the
number of electrons transferred from the substrate to the nitride decreases. This
is accounted for in (4.4) by the reduction of CNG as cell size decreases [133].
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4.3.4 Accuracy limitations to the programmed VT

∆VT variability during ISPP represents a severe limitation to the accuracy of
the program operation, even if this is accomplished by a program-and-verify
algorithm [20,21,123]. To obtain high programming accuracies, these algorithms
make use of a verify operation after each ISPP step, comparing cell VT with
a selected program-verify level VPV and determining the end of the program
operation if the condition VT > VPV is met; otherwise, another ISPP pulse is
applied. In the case of negligible programming variability, this algorithm assures
all cells fall between VPV and VPV +Vs, thus making possible high programming
accuracies if small Vs are adopted (see also chapter 1). However, programming
variability compromises this possibility, as first reported on floating-gate Flash
arrays [21, 122, 123, 133]. In fact, if the ∆VT resulting by each ISPP step is
statistically distributed, cells may show a VT shift larger than Vs at the last
ISPP step, then overcoming VPV by more than Vs. This effect reduces the
tightness of the programmed VT distribution with respect to the ideal case,
introducing design constraints for multi-level devices.

Fig. 4.25 shows the simulated VT distribution from the many-cells ISPP
transients at Vs = 500 mV when VPV = 3.7 V. Extrapolations show that the
distribution exceeds VPV + Vs with a quite high probability of 5× 10−2, due to
the large electron injection spread of Fig. 4.23. This effect leads to a more severe
limitation of the programming accuracy considering that the average VT increase
per step during ISPP is only ≃ 0.5Vs in the case of our simulated charge-trap
cells, as largely discussed in the first part of this chapter. This means that a
correct evaluation of the programming accuracy, taking into account also the
time required to accomplish the program operation, should compare the result-
ing VT distribution with VPV + 0.5Vs in Fig. 4.25. This assesses programming
variability as a serious constraint for nanoscale charge-trap memories, strongly
limiting the tightness of the VT distribution which, instead, is rather immune
to parasitic cell-to-cell interference [125].

4.4 Conclusions

This chapter presented a detailed simulation analysis of charge-trap memory
programming, carefully reproducing the discrete and localized nature of stor-
age traps and the statistical process ruling granular electron injection into the
storage layer. The average results for ISPP on single- and many-cells statis-
tics revealed that the low programming efficiency of nanoscale charge-trap cells
mainly results from the low impact of locally stored electrons on cell VT in
presence of fringing fields and 3-D electrostatics.

A comprehensive 3-D TCAD Monte Carlo investigation of the main vari-
ability sources affecting the ISPP operation of nanoscale charge-trap memories
was also presented in the second part of the chapter, comparing the effect of the
statistical electron injection and trapping process, the fluctuation in the num-
ber and position of the trapping sites and the statistical distribution of the VT

shift induced by stored electrons in presence of percolative substrate conduc-
tion. Results showed that discrete electron injection is dominant over the other
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variability sources, due to a lower and lower number of electrons controlling cell
state as scaling proceeds.



Chapter 5

Doping Engineering for

RTN suppression in Flash

memories

This chapter presents a thorough numerical investigation of
the effect of non-uniform doping on random telegraph noise in
nanoscale Flash memories. For fixed average threshold voltage,
the statistical distribution of the random telegraph noise fluctua-
tion amplitude is studied with non-constant doping concentrations
in the length, width or depth direction in the channel, showing
that doping increase at the active area corners and retrograde and
δ-shape dopings appear as the most promising profiles for random
telegraph noise suppression. In particular, the improvements of-
fered by retrograde and δ-shape dopings increase the more the high
doping regions are pushed far from channel surface, thanks to a
more uniform source-to-drain conduction during read. Finally,
the suppression of random telegraph noise by engineered doping
profiles is correlated with the reduction of cell threshold-voltage
variability.

5.1 Introduction

T
he statistical dispersion of the amplitude of random telegraph noise (RTN)
fluctuations in deca-nanometer MOS devices has been clearly recognized

in the last years and attributed to the localized nature of electrons trapped into
oxide defects close to the channel surface in presence of three-dimensional (3-D)
electrostatics and atomistic doping [62, 76, 105, 108, 109, 134–137]. In particu-
lar, the threshold-voltage shift (∆VT ) given by single RTN traps was shown
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to follow an exponential distribution in [76, 105, 108], with standard deviation
proportional to the square root of the channel doping concentration Na when
a uniform doping profile is adopted. These results reveal that channel doping
is one of the most important parameters for RTN in MOS devices, opening the
possibility for technology optimizations by engineered doping profiles.

In section 3.3.2 we have seen that 3-D electrostatics and atomistic substrate
doping play the main role in determining RTN statistics also for nitride-based
memories, with a marginal role of electrons locally stored in the nitride.

With this in mind, and considering that no comprehensive doping optimiza-
tion studies are reported in literature for the floating-gate technology (which is
the current technology in production), we will carry out our investigation on the
effect of non-uniform channel doping on RTN, using a general template floating-
gate Flash memory cell. By means of 3-D numerical simulations accounting for
the atomistic nature of doping and using a Monte Carlo procedure to gather
statistical results, the magnitude of RTN fluctuations is evaluated with the dop-
ing concentration changing in the length (L), width (W ) or depth direction in
the channel region. Results reveal that for fixed average threshold voltage (VT ),
non-constant doping concentrations in the L or W direction deviate the RTN
distribution from a pure exponential behavior. In particular, the increase of the
doping concentration at the source side of the channel enlarges the statistical
distribution of RTN amplitudes at low probabilities, while a narrowing appears
when doping is increased near the shallow trench isolations (STI) corners of the
active area. A reduction of the RTN magnitude can also be achieved when the
doping concentration near the channel surface is reduced, as shown referring
to retrograde and δ-shape profiles. In these two latter cases, the exponential
distribution of RTN amplitudes is shown to be preserved and, more important,
narrower and narrower distributions are obtained as the high doping regions
are pushed deeper and deeper in the substrate. This comes from a more uni-
form potential profile at the channel surface, leading to a more uniform electron
concentration and source-to-drain conduction during read, when the Coulomb
peaks due to ionized dopants are far from the channel surface. Finally, the effect
of engineered dopings on RTN and VT variability is compared, highlighting their
clear correlation.

5.2 Numerical model

Fig. 5.1 shows the template Flash cell investigated in this work, featuring an
8 nm tunnel oxide, a 70 nm polysilicon floating gate and a 4-3-5 nm oxide-
nitride-oxide (ONO) stack for the interpoly dielectric. Cell W and L were set
to 32 nm and doping was implemented atomistically in the channel region, as
discussed in chapter 3. Different types of non-uniform doping profiles were
considered, changing the doping concentration in the L, W or depth direction
in the channel. A constant continuous doping equal to xx×1020 cm−3 was used
for the source/drain n+ regions.

In order to investigate the effect of the channel doping profile on the sta-
tistical distribution of RTN amplitudes, a Monte Carlo procedure was used.
First, a large number of atomistically different cells were generated for each se-
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Figure 5.1: Schematics for the template floating-gate Flash cell investigated in this work.
The atomistic doping region is highlighted.

lected profile by replacing the continuous doping with discrete atoms, drawing
their number from the Poisson statistics and choosing their spatial distribution
according to the continuous profile. Then, the drain current vs. control-gate
voltage (ID−VCG) transcharacteristics was calculated for each cell by solving the
Poisson and drift-diffusion equations for drain bias VD = 0.7 V and increasing
VCG, defining cell VT as the VCG value corresponding to ID = 100 nA. Finally,
a single electron was randomly placed over the channel of each atomistic device
to reproduce the filled-state of an RTN trap, calculating again cell ID − VCG

and the VT shift corresponding to the RTN fluctuation amplitude ∆VT .

All the 3-D numerical simulations were performed by means of the commer-
cial software SDevice [138],

5.3 Simulation results

Fig. 5.2 shows the non-constant doping profiles investigated in this work and
compared with a reference uniform case of value Na = 2 × 1018 cm−3. For a
meaningful comparison, the doping concentrations of Fig. 5.2 were chosen to
obtain the same average neutral VT in all cases.
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Figure 5.2: Schematics for the doping profiles investigated in this work: non-uniform doping
along L (a), non-uniform doping along W (b), retrograde doping (c) and δ-shape doping (d).
Case (b) shows cell cross-section in the W direction (x coordinate), all other cases in the L

direction (y coordinate). All the doping concentrations are in cm−3. Values of Nh, Qd and
tepi for case (c) and (d) will be given in Tab. 5.1.

5.3.1 Doping variations along L and W

Non-uniform doping along L was explored considering the profile of Fig. 5.2a:
the doping concentration has a step increase from 3 × 1017 to 5 × 1018 cm−3

in the last 8 nm of the channel near the source junction. This profile can be
considered representative of the effect of a halo implant near the source and aims
at largely reducing the doping concentration in a wide portion of the channel
area, while increasing it only in a small region near the junction. Fig. 5.3
shows the simulation results for the ∆VT statistical distribution: while a clear
exponential behavior is obtained for the uniform reference device [76,105,108], a
double slope in the semi-log plot appears for the distribution of the non-uniform
doping profile. In particular, this latter distribution displays a slope higher than
that of the uniformly-doped sample in the low-∆VT regime, but lower than it at
high-∆VT . As a consequence, the RTN distribution for the profile of Fig. 5.2a
results narrower at high probabilities than the uniform doping case, but enlarges
more than it at low probability levels, which are of more interest for technology
reliability.

Results of Fig. 5.3 can be explained considering the cell of Fig. 5.2a as the
series of two devices having different local VT . The higher doping concentration
at the source side of the channel increases, in fact, the control-gate bias required
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Figure 5.3: Simulation results for the ∆VT statistical distribution of the non-uniform doping
profile of Fig. 5.2a, compared to that of the reference uniform sample.
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Figure 5.4: Simulated ∆VT as a function of trap position along L for the non-uniform doping
sample of Fig. 5.2a and for the uniform reference device. Channel center, source and drain
are at 0, −16 and 16 nm, respectively.

to invert this region with respect to the rest of the channel which, in turn, has
a low control on the source-to-drain conduction. As a consequence, RTN traps
placed over the low-doped region give rise to lower ∆VT than traps placed at the
same positions in the reference device, while higher ∆VT result for traps over
the high-doped channel area near the source. This is clearly shown in Fig. 5.4,
where the ∆VT obtained from the Monte Carlo procedure are reported as a
function of trap position along L, in the case of the uniform and non-uniform
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Figure 5.5: Same as in Fig. 5.3, but for the profile of Fig. 5.2b.

device. As traps are uniformly placed over the channel, leading to a higher
probability to have them over the low-doped region than over the high-doped
region of the sample of Fig. 5.2a, the reduction of the RTN amplitude of traps
over the former region results in the narrowing of the ∆VT distribution at high
probability levels with respect to the reference sample. At low probabilities,
instead, the ∆VT distribution is mainly determined by traps over the high-
doped area of the channel, resulting flatter than the uniform case due to the
larger impact of traps over this region on VT . As a result, the ∆VT distribution
crosses that of the uniform sample, making the investigated non-uniform profile
disadvantageous from the RTN standpoint.

Fig. 5.5 shows the ∆VT statistical distribution for the non-uniform doping
profile of Fig. 5.2b. An increase of the doping concentration from 2 × 1017 to
5× 1018 cm−3 was assumed in this case in the last 4 nm of the active area near
the STI edges, with no changes in the L and depth direction. This doping profile
aims at increasing the local VT at the cell corners, reducing, in turn, current
crowding that occurs in these regions due to field intensifications in the 3-D
electrostatics [76, 105, 108]. Fig. 5.5 shows that the resulting ∆VT distribution
is slightly larger than the reference uniform sample at high probabilities, but
narrows rapidly at low probability levels. This can be explained considering
that in the uniform cell high ∆VT mainly result from traps at the corners of the
active area, where strong source-to-drain percolation paths exist. This is shown
in Fig. 5.6, where the ∆VT from the Monte Carlo procedure are shown as a
function of trap position along W . The same figure shows that the non-uniform
doping profile of Fig. 5.2b is highly effective in reducing the ∆VT of traps near
the STI corners, thanks to the reduction of current crowding in these regions.
This narrows the ∆VT distribution in Fig. 5.5 at low probability levels with
respect to the uniform doping case, leading to clear benefits in terms of RTN
impact on technology reliability.
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Figure 5.6: Simulated ∆VT as a function of trap position along W for the non-uniform
doping sample of Fig. 5.2b and for the uniform reference device. 0 is channel center.

Doping Type tepi [nm] Nh [cm−3] Qd [cm−2]
Retrograde 2.5 2.5× 1018 –
Retrograde 5 3.4× 1018 –
Retrograde 10 5.7× 1018 –
Retrograde 16 1× 1019 –
δ-shape 10 – 3.5× 1012

δ-shape 16 – 7.5× 1012

Table 5.1: Parameters for the retrograde and δ-shape doping profiles (Figs. 5.2b-5.2c) inves-
tigated in this work.

5.3.2 Vertically non-uniform dopings

In order to explore the possibility for vertically non-uniform doping profiles
to statistically suppress the amplitude of RTN fluctuations, we considered the
simplified retrograde and δ-shape dopings of Figs. 5.2c and 5.2d. Different
thicknesses tepi of the undoped epitaxial region were investigated, as reported
in Tab. 5.1, changing Nh and Qd to set the same average VT of the uniform
reference sample. Figs. 5.7 and 5.8 show the simulated ∆VT statistical distri-
butions: differently from the non-uniform profiles considered in the previous
section, a clear exponential behavior is preserved for both the dopings, with
only a reduction of the distribution slope λ (units: [mV/dec]) with respect to
the reference device. From Figs. 5.7-5.8, the reduction of λ is larger when in-
creasing tepi, as quantitatively shown in Fig. 5.9. From this figure, a stronger
suppression of RTN appears also for the retrograde than for the δ-shape doping
when tepi is low, while nearly the same benefits are obtained when high tepi are
adopted.
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Figure 5.7: Same as in Fig. 5.3, but for the profile of Fig. 5.2c. Results for different tepi are
shown.
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Figure 5.8: Same as in Fig. 5.3, but for the profile of Fig. 5.2d. Results for different tepi are
shown.

The effectiveness of retrograde and δ-shape dopings in reducing the ampli-
tude of RTN fluctuations can be explained considering that dopants placed near
the channel surface represent a major source of percolative conduction during
read, giving traps over points where current crowding occurs the possibility to
result into quite large ∆VT [62, 76, 105, 108]. The absence of dopants in the
epitaxial layer of the devices of Figs. 5.2b and 5.2c allows, therefore, the benefit
of a more uniform source-to-drain conduction, which is less affected by locally
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Figure 5.9: Slope of the ∆VT distribution for the retrograde and δ-shape dopings of
Figs. 5.2b-5.2c, as a function of tepi.

stored electrons in RTN traps, resulting into a decrease of λ. This is far more
true when tepi is increased, as confirmed by the results of Fig. 5.9, because the
larger distance of the ionized dopants from the silicon/oxide interface reduces
the impact of their Coulomb field on surface potential. This explains also why,
for small tepi, a retrograde profile allows a lower λ than a δ-shape doping in
Fig. 5.9: the latter profile, in fact, maximizes the number of ionized dopants at
the interface of the doped region with the epitaxial layer, i.e., at the minimum
distance from the channel surface, resulting into a more percolative conduction
than retrograde doping. For large tepi, instead, the two doping profiles result in
nearly the same λ, as the increase of Qd and Nh required by Tab. 5.1 makes the
depletion layer width nearly equal to tepi, with all the ionized dopants placed
at the same distance from the channel surface.

5.4 Correlation between RTN and VT variability

Besides being a major source of statistical dispersion for ∆VT , atomistic dop-
ing gives a fundamental contribution to VT variability in nanoscale MOS de-
vices [45,51–53,107,139]. The statistical fluctuation of the number and position
of dopants in the channel introduces, in fact, a spread σVT

in the VT of nom-
inally identical devices, growing with technology scaling as N0.4

a /
√
WL [53].

The possibility to reduce this spread by engineered doping profiles has been
already shown [46, 48, 77], highlighting that large reductions of σVT

can be ob-
tained when retrograde or δ-shape dopings are adopted. This is confirmed by
our Monte Carlo results in Fig. 5.10, showing that the VT distribution of the
retrograde (left) and the δ-shape (right) dopings with tepi = 10 nm are tighter
than that of the reference uniform sample. Note, moreover, that similarly to
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Figure 5.10: Simulation results for the VT statistical distribution of retrograde (left) and
δ-shape (right) dopings, in the case of tepi = 10 nm. Results for the reference uniform device
are also ahown for comparison.

what shown in Fig. 5.9 for the slope λ of the RTN exponential distribution, the
reduction of σVT

is larger for the retrograde than for the δ-shape doping.
Fig. 5.11 shows σVT

as a function of λ for all the cases of retrograde and
δ-shape doping investigated in this work: a very good correlation of the two
parameters clearly appears, confirming the strong connection between VT vari-
ability and RTN. This not only reveals that workable solutions to reduce the
impact of both the reliability issues on Flash technology can be devised, but
shows engineered channel doping and non-uniform vertical profiles as one of the
most practical ways for technology optimization.
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Figure 5.11: σVT
as a function of λ for the retrograde and δ-shape doping profiles investi-

gated in this work.

5.5 Conclusions

This Chapter presented a detailed numerical investigation of the effect of non-
uniform channel doping on RTN in nanoscale Flash memories. The RTN am-
plitude distribution was shown to enlarge at low probabilities when increasing
the doping concentration at the source side of the channel, while its narrowing
appears when higher doping concentrations are used at the STI corners. Clear
benefits from the RTN standpoint were shown when retrograde and δ-shape
dopings are adopted, with improvements that increase the more the high dop-
ing regions are pushed far from the channel surface. Finally, RTN suppression
by doping engineering was shown to be strongly correlated to the reduction of
cell VT variability.
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Conclusions

T
his thesis deals with the modeling of statistical variability affecting the
program and reading operation of nanoscale charge-trap Flash memories.

We have presented (Chapter 1) the charge-trap technology as one of the most
promising solution to the floating-gate scaling issues. We have furthermore seen
that the electrical behavior of the charge-trap memory device is affected by
several statistical variability sources, among which the most important are the
the random dopant fluctuation, the random trap fluctuation, the discrete charge
injection process, the random telegraph noise fluctuation.

In order to study these statistical variability effects, charges (e.g. ionized
dopants in channel or trapped electrons in the storage layer) have to be treated
as discrete entities (Chapter 2). This represents a non-trivial issue in the frame-
work of TCAD simulation, where a drift-diffusion formalism is usually employed
to study the carrier conduction. Indeed, the Coulomb potential associated with
each discrete charge becomes physically inconsistent with the concepts of elec-
trostatic potential presumed in drift-diffusion device simulations. It has been
pointed out that to cut off the short-range part of the Coulomb potential asso-
ciated with each discrete dopant is essential in correctly simulating the device
properties under the atomistic regime. To this aim, three dopant models, namely
(i) the smearing method, (ii) the Sano model and (iii) the quantum correction,
have been introduced showing their range of validity and their limitations. In
this context we have proposed a new mobility model for atomistic simulation in
order to improve the accuracy and reliability of the quantum correction method.

A comprehensive investigation of statistical variability in deeply-scaled ni-
tride memory cells has been then presented in the remainder of the thesis.

The study of the threshold voltage shift variability (Chapter 3) has high-
lighted that 3-D electrostatics, atomistic substrate doping and charge local-
ization in the nitride volume result into a statistical dispersion of ∆VT . In
particular we have shown that the local electrostatic effect of stored electrons
and percolative substrate conduction are the main reasons for the ∆VT spread.
A scaling analysis of the statistical distribution of ∆VT has been also provided,
showing that, for fixed density of trapped charge, the average ∆VT decreases as
a consequence of fringing fields, not predictable by any 1-D simulation approach.
Moreover, the distribution statistical dispersion has been shown to increase with
technology scaling due to a more sensitive percolative substrate conduction in
presence of atomistic doping and 3-D electrostatics. The impact of these effects
on RTN instabilities has been then highlighted, showing that locally stored



114 Conclusions

charges in nitride have a marginal role in determining RTN statistics.

A detailed simulation analysis of charge-trap memory programming dynam-
ics (Chapter 4), carefully reproducing the discrete and localized nature of stor-
age traps and the statistical process ruling granular electron injection into the
storage layer, has revealed that the low programming efficiency of nanoscale
charge-trap cells mainly results from the low impact of locally stored electrons
on cell VT in presence of fringing fields and 3-D electrostatics. By means of a
3-D TCAD Monte Carlo we have also investigated the main variability sources
affecting the programming operation of nanoscale charge-trap memories, com-
paring the effect of the statistical electron injection and trapping process, the
fluctuation in the number and position of the trapping sites and the statistical
distribution of the VT shift induced by stored electrons in presence of percola-
tive substrate conduction. Results showed that discrete electron injection is
dominant over the other variability sources, due to a lower and lower number
of electrons controlling cell state as scaling proceeds.

Finally (Chapter 5) we presented a detailed numerical investigation of the
effect of non-uniform channel doping on RTN in nanoscale Flash memories,
considering both discrete RTN traps and discrete channel dopants. In fact
we have shown (Chapter 3) that a further limit for the programming accu-
racy is given by RTN instabilities, whose amplitude is enhanced by percolative
substrate conduction in presence of atomistic doping. On the other hand the
threshold-voltage shift given by single RTN traps is known to follow an expo-
nential distribution [76, 105, 108], with standard deviation proportional to the
square root of the channel doping concentration when a uniform doping profile is
adopted. These results reveal that channel doping is one of the most important
parameters for RTN in MOS devices, opening the possibility for technology op-
timizations by engineered doping profiles. Our simulation analysis showed that
the RTN amplitude distribution increase at low probabilities when increasing
the doping concentration at the source side of the channel, while its narrowing
appears when higher doping concentrations are used at the STI edges. Clear
benefits from the RTN standpoint were shown when retrograde and δ-shape dop-
ings are adopted, with improvements that increase the more the high doping
regions are pushed far from the channel surface. In particular, RTN suppression
by doping engineering was shown to be strongly correlated to the reduction of
cell VT variability.

Future works

Looking at the future directions of this research field, several suggestions
may be given. For example, in this thesis we have focused our attention on the
impact of statistical variability on the reading and programming operations’
performances. A natural continuation of this work is therefore represented by
the study of statistical variability affecting the erase/retention operations.

We have also seen in chapter 1 that the 3D memory structure represents the
most viable solution to allow the Flash memory technology to reach the terabit
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level of integration. It is then of great interest to extend the analysis presented
in this thesis to this advanced memory structures based on non-planar cell
geometries. In particular, 3D structures have a different electrostatic affecting
in a different way the threshold voltage statistics. Moreover 3D structures could
not suffer from the random dopant variability (because their channel is usually
undoped), but they could suffer from the variability associate to the discrete
nature of poly-silicon grains (because their channel is usually deposited and
not mono-crystalline): the presence of grains boundary in the channel gives
a complicated pattern of the Fermi-level pinning [78], resulting in a threshold
voltage variability related to the fluctuation in the size and in the number of
grains [140]. This variability in the Fermi-level pinning can have also a impact
on the variability of the RTN time constants, as they strongly depend on the
value of the Fermi level in the channel in correspondence of the RTN trap.
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