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ABSTRACT OF THE THESIS

ENDURANCE CHARACTERIZATION AND IMPROVEMENT OF FLOATING

GATE SEMICONDUCTOR MEMORY DEVICES

By FARAZ KHAN

Thesis Director:

Professor Kuang Sheng

Low power consumption, virtually zero latency, extremely fast boot-up for OS
and applications, fast data access, portability, and high shock resistance are some of many
reasons that make Flash memory devices an ideal choice for a vast variety of consumer
electronics. Flash memory is a specific type of non-volatile EEPROM. A typical Flash
memory cell looks similar to a MOSFET, except that it has a dual-gate structure. Flash
memory cells use the principle of threshold voltage modulation to alter the channel

current (1,) when a reference read voltage (V,.,q ) is applied to the control gate. Different
levels of I are, in turn, interpreted as unique logic states. Fowler-Nordheim tunneling is

used to achieve threshold voltage modulation in NAND Flash memory cells.

Despite its high performance potential, NAND Flash memory suffers from the
drawback of limited program/erase endurance. High field/current stress caused by
Fowler-Nordheim tunneling (during program/erase cycling) leads to tunnel oxide

degradation, which eventually limits the endurance characteristics of NAND Flash



memory cells. One of the most significant tunnel oxide degradation mechanisms is
charge trapping. This work is devoted to the study of charge trapping and its effects on
the endurance characteristics and reliability of NAND Flash memory devices. Cell
threshold voltage shift and memory window narrowing, a direct consequence of tunnel
oxide degradation caused by charge trapping, are typical failure modes in NAND Flash
memory cells.

In this work, endurance characterization of NAND Flash memory devices and a
detailed analysis has been conducted reconfirming the issue of limited program/erase
endurance. Subsequently, a novel NAND Flash memory cell design has been proposed
which eliminates tunnel oxide degradation caused by Fowler-Nordheim tunneling.
Device simulations (using the Sentaurus TCAD tool suite by Synopsys®, Inc.) and
corresponding analysis show that, as compared to conventional cells, the proposed cell
design offers a 10 times reduction in intrinsic threshold voltage shift. That, according to
the measured endurance characteristics of cells fabricated in this work, translates to an
improvement of over 200 times in program/erase endurance. In a nutshell, the proposed
cell design offers superior reliability and endurance as compared to conventional NAND

Flash memory cells.

* All work in this thesis is copyrighted.
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CHAPTER 1: INTRODUCTION

1.1 MOTIVATION

Semiconductor memory is an important component of modern microelectronics
and an integral part of a vast variety of computing systems and consumer electronics. Its
applications are rapidly growing with improving device capabilities. Non-volatile
semiconductor memory is an increasingly popular type of semiconductor memory
because of its ability to retain data without external power. A very important member of
the non-volatile semiconductor memory family is Flash memory because of its high
performance capabilities and applications in a wide range of popular consumer products
representing a considerable amount of the overall semiconductor market [1].

Low power consumption, high shock resistance (physical resilience/ruggedness),
small size, light weight, and fast data access are few of the many reasons why Flash
memory devices are continually increasing in popularity and demand as a non-volatile
memory storage solution for portable electronics such as wireless phones, personal digital
assistants (PDAs), portable music players, keychain USB drives, digital cameras, secure
digital (SD) cards, CompactFlash® cards, multimedia cards (MMCs), and many other
applications. Another very important Flash memory application is the solid state drive
(SSD). SSDs offer low power consumption, virtually zero latency, extremely fast boot-up
for OS and applications, fast data access, smaller size, light weight, and high shock
resistance (physical resilience/ruggedness) as compared to the conventional magnetic
media such as hard disk drives (HDDs). Flash memory is also used in Hybrid Hard

Drives (HHDs). HHDs employ a large buffer of non-volatile flash memory used to cache



data during normal use due to which the platters of the hard drive are at rest almost at all
times, instead of constantly spinning as is the case in HDDs. This feature offers several
benefits such as decreased power consumption, improved reliability, and a faster boot
process. A comparison of a few average specifications between HDDs, SSDs, and HHDs
is shown in table 1.1 [2].

It must be noted that table 1.1 contains data reported in 2007 and that the
performance of SSDs has improved significantly since then. SSDs being currently
manufactured by Micron Technology, Inc. offer capacities of up to 256GB and read/write

speeds of up to 250MB/s.

Table 1.1: Comparison of average specifications between HDDs, SSDs, and HHDs.

Hard Disk Solid State Hard Disk Hybrid Hard
Average Drive Drive Drive Drive
Specifications
1.8” HDD SSD(1.8"/2.5") 2.5" HDD 2.5" HHD
Capacity 30-80 GB 4-32GB 40-160GB Up to 160GB
Data Ratq
(Max Sustain) 25MB/s 57MB/s A4MB/s -
Read
Write 25MB/s 32MB/s 44MB/s -
Spindle Speed 4200 RPM None 5400 RPM 5400 RPM
Seek 15 ms None 12 ms 12.5 ms
Non-Op Shock 1500 G 2000 G 900 G 900 G

According to a presentation at WinHEC 2007, the projected NAND chipset
adoption by 2010 will be approximately 75% in notebook PCs and 50% in desktop PCs
[2]. The rapidly increasing demand makes Flash memory a major contributor to the

evolution of the semiconductor memory industry.



Despite its superior performance potential, Flash memory suffers from the
drawback of having limited program/erase endurance. As opposed to an HDD, there is a
limit to the number of times NAND Flash memory cells can be programmed and erased.
Nominally, each block survives 100,000 program/erase cycles in an SLC NAND Flash
device and approximately 10,000 cycles in an MLC NAND Flash device [3,4], implying
that long-term reliability and endurance is one of the major concerns in NAND Flash
memory technology. Amongst the reliability and endurance concerns, cell threshold
voltage shift and memory window narrowing caused by oxide degradation (owed to
charge trapping caused by electronic stress during program/erase cycling) is of great
interest since it is the main failure mechanism in Flash based memory devices [5]. The
issue of tunnel oxide degradation is expected to increase as the oxide thickness is
downscaled and the projected number of program/erase cycles is increased [6]. This
would put severe limitations to thickness reduction and Flash memory scaling. Thus
research in this direction is of significant importance. This work focuses on studying and
resolving the reliability concerns related to tunnel oxide degradation in Flash memory

cells.

1.2 OBJECTIVE

The objective of this work is to study tunnel oxide degradation in Flash memory
cells and propose solutions to the problem in order to improve their long-term reliability
and endurance. In this work, a novel NAND Flash memory cell design has been proposed
which significantly improves the long-term reliability and endurance of NAND Flash

memory cells. Device simulations and analysis have been provided to show that the



proposed cell design offers more endurance and reliability as compared to the

conventional NAND Flash memory cell.

1.3 THESIS ORGANIZATION

The motivation and objective of the current research are discussed in chapter 1.
Chapter 2 provides an overview of the technical background of Flash memory including
the structure, function and principles of operation of NAND Flash memory devices.
Chapter 3 includes a detailed review of the reliability issues affecting Flash memory
devices and some prior research work done in attempt to address these issues. In chapter
4, endurance characterization and analysis of NAND Flash memory cells have been
included. Subsequently, a novel NAND Flash memory cell design has been proposed.
Device simulations and corresponding analysis has been provided to show that the
proposed cell design offers superior program/erase endurance and reliability as compared
to conventional NAND Flash memory cells. The conclusions and suggested future work

have been presented in chapter 5.



CHAPTER 2: TECHNICAL BACKGROUND

Semiconductor memory can be divided into two main categories: Volatile and
Non-volatile. Volatile semiconductor memory loses stored information once the power
supply is switched off such as DRAM. On the other hand, non-volatile semiconductor
memory maintains stored information even when the power supply is switched off such
as Flash memory. Figure 2.1 shows the two families of semiconductor memory (Volatile

and Non-volatile) and a few examples of technologies belonging to each family.

i Information is lost when _ i Information is retained
VOIatIIe power is removed. Non VOIatIIe when power is removed.
» SRAM » ROM
Static Random Access Memory Read Only Memaory
Information is stored as the state Information can never be changed
of flip-flops
Refresh is not required
» PROM
Programmable Read Only Memory
» DRAM Information can be programmed
once, but never changed

Dynamic Random Access Memory
Information is stored as charge on

a capacitor EP ROM
Refresh IS required

v

Electrically Programmable ROM
Information can be changed after
memory is erased via UV light

Flash (NAND and NOR)

Electrically Erasable Programmable ROM
Information can be changed after memory
is electrically erased

v

Figure 2.1: Volatile vs. Non-volatile semiconductor memory.



2.1

Flash memory is further divided into two main categories: NOR and NAND
Flash. Figure 2.2 shows a comparison between the array and cell architecture of NAND
and NOR Flash [3]. NAND Flash is more efficient as compared to NOR Flash due in part

to the small number of metal contacts in the NAND Flash string. NAND Flash cell size

(4 F?) is much smaller compared to NOR Flash cell size (10 F*) because NOR Flash

NOR FLASH vs. NAND FLASH

cells require a separate metal contact for each cell.

NAND NOR
Bit Ling
Contact
‘Word Line §
I -
Cell Array [
UnitCella =
[ |
o "“I
2F
2F s
N B b
Layout | ¢/ | se|| ,
y &
Cross
section | i
Cell Size 4F2 10F2

Figure 2.2: NAND vs.

NOR Flash.




Another major difference between NOR and NAND Flash is that NOR Flash
memory cells use Channel Hot Electron (CHE) injection in the floating gate at the drain
side for the program operation where as NAND Flash memory cells use Fowler-
Nordheim (FN) Tunneling. Both NOR and NAND Flash cells use Fowler-Nordheim
Tunneling for the erase operation [7]. The programming and erasing mechanisms in NOR
Flash memory cells are shown in figure 2.3 [8]. The program and erase operations in

NAND Flash memory cells have been discussed in detail in a later section.

V=0

Gnd Vhl=0
| | Floating Gate | |
Source] ﬁe'[ Drain

(a)

Viad <0

oot Gats;

Vs=0 Vbl=0
’ I Floating Gate ] |
& :

Source 1 . y Drain

(b)

Figure 2.3: (a) Programming of a NOR Flash memory cell (CHE Injection), and (b)

Erasing of a NOR Flash memory cell (FN Tunneling).



Advantages and disadvantages of NOR Flash [3]:

The primary advantage of NOR Flash is fast random access which makes it ideal
for program code storage. Random access gives NOR Flash its execute-in-place (XiP)
functionality (code execution), which is often required in embedded applications.
However, an increasing number of processors include a direct NAND Flash interface and
can boot directly from the NAND Flash device (without NOR Flash). Another advantage
of NOR Flash is its byte write capability. A few of the most popular applications of NOR
Flash today include BIOS, Mobile Phones, Routers, Set-Top Boxes, and Video Games.

The main disadvantage of NOR Flash is its slow program and erase performance.
Another significant disadvantage of NOR Flash is the high programming current (since

CHE programming is used) [7].

Advantages and disadvantages of NAND Flash [3]:

The most prominent advantage of NAND Flash memory over NOR Flash is its
faster program and erase times. Moreover, NAND Flash cells are 60% smaller as
compared to NOR Flash cells providing higher densities required for today’s low-cost
consumer devices in a significantly reduced die area. NAND Flash typically incorporates
a string of 32 cells per contact in contrast with one contact per every cell in NOR Flash.
This results in smaller cells, and greater bit density at a lower cost. The fast program and
erase times, lower cost per bit, and small size make NAND Flash ideal for large amount
of data storage e.g. hard drives for personal computers. NAND Flash is very similar to a
hard disk drive. It is sector-based (page-based) and well suited for storage of sequential

data such as pictures, video, audio, or PC data. NAND Flash is used in virtually all



removable cards, including USB drives, secure digital (SD) cards, memory stick cards,
CompactFlash® cards, and multimedia cards (MMCs). The NAND Flash multiplexed
interface provides a consistent pinout for all recent devices and densities. This pinout
allows designers to use lower densities and migrate to higher densities without any
hardware changes to the printed circuit board. Other important applications of NAND
Flash memory include Mobile Phones, Digital Audio/Voice, Still & Video Cameras,
Mass Data Storage, and PDAs.

The main drawback of NAND Flash is its slower random access as compared to
NOR Flash. A comparison of basic advantages, disadvantages and applications of NAND

vs. NOR flash memories is shown in Table 2.1 [3].

Table 2.1: A comparison of basic advantages, disadvantages and applications of

NAND vs. NOR Flash memories.

NAND NOR

Advantages Fast WRITEs Random access

Fast ERASEs Byte WRITEs possible
Disadvantages [Slow random access Slow WRITEs

Byte WRITEs difficult Slow ERASEs
Applications File (disk) applications Replacement of EFROM

Voice, data, video recorder Execute directly from nonvolatile

memory
Any large sequential data
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2.2 CELL STRUCTURE OF THE NAND FLASH MEMORY CELL

The basic structure of a NAND Flash memory cell is similar to that of a
MOSFET, as shown in figure 2.4. It is composed of a dual-gate transistor. The dual-gate
functionality allows charge storage on the floating gate and thereby alteration of the
device threshold voltage (threshold voltage modulation). This enables programming and
erasing the transistor by adding or removing charge from the floating gate in order to

produce distinct logical values.

Control Gate

Floating Gate

Gate Oxide

----------------------------------------

Figure 2.4: Basic structure of a NAND Flash memory cell.
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The various components of a NAND Flash memory cell and their respective

functions are as follows:

Gate Oxide: The gate oxide is also often referred to as “tunnel oxide” and has two
primary functions:

o Itis used to tunnel electrons during the “program” and “erase” operations.

The thickness of the oxide determines the tunneling current density.

o It determines the threshold voltage of the cell during the “read” operation.
Floating Gate: A polysilicon layer that is completely surrounded by a dielectric
used to store charge and alter the threshold voltage of the device.

Dielectric: This is simply an insulator, typically ONO (Oxide Nitride Oxide). The
function of this dielectric is to inhibit charge stored on the floating gate from
leaking into the control gate.

Control Gate: The conductor of the wordline used to access the transistor.

A 3D view of a typical NAND Flash memory cell is shown in figure 2.5 [9].

Figure 2.5: 3D view of a typical NAND Flash memory cell.
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Scanning Electron Microscope (SEM) cross-sections of typical SLC NAND Flash

memory cells is shown in figure 2.6 [4].

e ——

Control Gate

TUNNEL
OXIDE

Figure 2.6: Scanning electron microscope (SEM) cross-sections of typical SLC

NAND Flash memory cells.

Since the floating gate is electronically isolated, voltage can not be directly
applied to it. A fraction of the voltage applied to the control gate is “seen” by the floating
gate due to capacitive coupling. In other words, capacitive coupling is used to indirectly
control the floating gate. The voltage seen by the floating gate then plays its role in
bending the energy bands at the Floating Gate-Tunnel Oxide interface. The voltage seen
by the floating gate in a Flash memory cell is analogous to the voltage applied to the gate
of a MOS transistor. The gate stack of a Flash Memory cell can be thought of as two

capacitors in series as shown in figure 2.7.
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Vread

Conductor
Insulator
Conductor

T Control Gate

Insulator

+++++++++++

Dielectric

Floating Gate

+++++++++++

Figure 2.7: Gate stack of the Flash memory cell can be replaced by capacitors in

series to understand the effect of capacitive coupling.

The basic capacitive components of the Flash memory cell and respective

calculations are further discussed in the next section.

2.3 PRINCIPLES OF OPERATION OF THE NAND FLASH MEMORY CELL
Flash Memory stores information in an array of transistors also called “cells’.

Figure 2.8 shows the schematic view of a conventional NAND Flash memory array.

Wordline

-y Control Gate
Floating Gate
Bitline

=

Figure 2.8: Schematic view of a conventional NAND Flash memory array structure.
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A 3D view of a conventional NAND Flash memory array is shown in figure 2.9 [9].

Bit Contacts

Source Slot

Trench
Isolation

Select Gate Wordlines Bitlines

Source Select Gate
Drain

Figure 2.9: 3D view of a conventional NAND Flash memory array.

As discussed before, each NAND Flash memory cell looks similar to a standard
MOSFET, except that it has two gates instead of just one. One is the control gate (CG)
and the other is the floating gate (FG) that is electrically isolated on all sides. The FG is
located between the CG and the substrate. Information is stored by adding/removing
charge on the FG. Adding or removing electrons from the floating gate allows alteration
of the transistor threshold voltage. Altering the threshold voltage of a device allows
programming a cell such that current will flow or will not flow, depending on the
threshold voltage of the cell, from drain to source when a reference voltage is applied to
the control gate. This presence or absence of current is sensed and translated into “1”s
and “0”s by the sense amp, reproducing the stored data. The phenomenon of altering the

threshold voltage is also known as ‘threshold voltage modulation’.
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Channel Current (1)

Gate Voltage (V..)

L ]
Threshold Voltage  Threshold Valfage Thresheld Voltage

Adding electrons to the Floating Gate )

Figure 2.10: Threshold voltage modulation.

As shown in figure 2.10, the threshold voltage of the Flash Memory Cell is altered
or “modulated” simply by adding or removing electrons from the floating gate.

Figure 2.11 shows the 7, distributions of programmed (*“0”) vs. erased (“1”) cells

in an array.

1 0
State State
Era msd Frogrammead
e
Wit

Figure 2.11: V, distributions of programmed (*“0") vs. erased (*“1”) cells in an array.

Some modern Flash memory devices, referred to as multi-level cell (MLC)
devices, can store more than 1 bit per cell (typically 2 bits per cell for current technology)

by varying the number of electrons placed on the FG, as compared to single-level cell
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(SLC) devices that can store only one bit per cell at a time. In other words, in MLC
devices, one threshold voltage level represents two bits. Figure 2.12 shows the

V. distributions in MLC devices.

11" “0 01' ‘00
State State State State
—_—

Wt

Figure 2.12: V, distributions in MLC devices.

However, since the delta between each state is decreased in MLC devices
compared to SLC devices, the margins between the threshold voltages of subsequent
logic states is significantly reduced. Thus, more rigidly controlled programming is
needed to manipulate a more precise amount of charge stored on the floating gate. At the
same time, precise charge sensing is required as well.

Multi-level cell devices have some advantages and some disadvantages over
single-level cell devices. The basic advantages of each of the two types of Flash memory

cells have been summarized in table 2.2 [3].



17

Table 2.2: Basic advantages of SLC vs. MLC Flash devices.

SL MLC

@]

High Density v

Low Power Consumption

Program/Erase Speeds

Program/Erase Endurance

Low Cost per Bit

Operating Temperature

W RRK

Endurance

The threshold voltage shift, AV, caused by charge stored on the floating gate of

a NAND Flash memory cell is given by [10],

av, = N4 (2.1)
CIPD

where ¢ is the electronic charge, N is the number of electrons stored on the floating
gate, and C,,, is the control gate to floating gate capacitance. C,,, is given by,

EoSipp
=21 2.2
[PD EOT,, (22)

where EOT,,,, is the equivalent oxide thickness of the interpoly dielectric (IPD) and S,

is the floating gate area covered by the control gate.
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The threshold voltage of the floating gate memory cell at any given time, V., can

therefore be written as

Vo=V, +AV, (2.3)
where ¥, is a constant that depends on the gate and substrate material, doping,

and gate oxide thickness.V, is given by the expression

Q(Jx Q m
Vrg =20, + @, = —C—d (2.4)

ox ox

where

®,. is the Fermi potential of the substrate at the surface at inversion

@, is the work function difference between the gate metal and the substrate
Q,, is the fixed charge in the tunnel oxide

Q,, 1s the maximum charge held by the depletion layer at inversion

C,. is the capacitance of the tunnel oxide

It can be seen that the effective threshold voltage of the transistor can be altered
by changing the amount of charge stored on the floating gate i.e. altering the AV, term.

The basic operations performed on a Flash Memory Cell include reading,
programming, program inhibiting, program verifying, erasing, erase inhibiting, and erase
verifying. The mechanisms involved in reading, programming, program inhibiting,
erasing, and erase inhibiting an MLC device are essentially the same as for an SLC
device. For the reason of simplicity, the above mentioned basic operations are discussed

for the case of an SLC device.
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A NAND Flash memory cell is programmed (set to a “0” state) by applying a

large voltage, 7, on the CG (Control Gate). V'

program

provides an electric field strong

rogram !
enough to tunnel electrons from the substrate to the FG (Floating Gate), through the
tunnel oxide. This process of field assisted tunneling is called Fowler-Nordheim (FN)

Tunneling. To erase the cell (reset to “1”), a large voltage differential, V,

erase !

is placed

between the substrate and the gate. ¥, _ provides an electric field strong enough to

tunnel electrons from the floating gate back to the substrate, through the tunnel oxide.
The read, program, program inhibit, program verify, erase, erase inhibit, and erase

verify operations are subsequently discussed in detail.

Read: The “read” operation is performed to determine whether the cell is in a

“programmed” (“0”) or “erased” (“1”) state. A reference voltage, V', is applied to the

<V

T—programmed *

V.

T—erased

control gate, where V,_, .. <V,

read

is the threshold voltage of an

erased cell and V.

T—programmed

is the threshold voltage of a programmed cell.

O Reading An erased cell (“1”): When the cell is in the un-programmed or “erased”

state, the floating gate is depleted of electrons. In order to read the cell, V. . is

read

applied to the control gate and a source to drain voltage potential is also applied.
Since the floating gate in the erased state is depleted of electrons, the applied voltage

<V

read *

is sufficient to drive the cell into inversion, since V; The cell is now

—erased

turned “on” and there is a current flow from drain to source that is sensed by the

sense amp and the cell is read as a “1*.



20

Vread

Control Gate

+++++++++++

Floating Gate

Figure 2.13: The erased Flash memory cell turns “on”” when V'

s 1S @pplied.
O Reading a Programmed Cell (“0”): When the cell is in the “programmed” state, the
floating gate is charged i.e. it has electrons stored in it. A programmed cell is read by

applying the same read voltage, V., , to the control gate as is applied for reading an

erased cell. However, for a programmed cell, 7,

re

.« 1s not enough to drive the cell into

inversion, since V. . <V, due to the accumulation of electrons on the

read T—programmed
floating gate. With a large number of electrons stored on the floating gate, the
threshold voltage of the device is increased i.e. it now requires a higher positive
voltage applied to the control gate to induce a channel under the tunnel oxide, as
compared to an erased cell. Consequently, there is no current flow from drain to

source in response to the applied voltage, V',

ead *

No current flow is interpreted as logic

“0” by the sense amp.
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Vread

Control Gate

+++++++++++

ov \de
S/D S/D

Figure 2.14: The programmed Flash memory cell is “off” when V’

read

is applied.

An SLC Flash memory device is engineered such that it has two statistical
distributions of threshold voltages in the array (i.e. for programmed and erased cells).

Figure 2.15 shows the distributions of acceptable ranges for V. ’s of programmed (*0”)

and erased (“1”) cells.

Erased Programmed
Distribution Vraad Distribution
1s 0's
s
Wi

Figure 2.15: Distributions of acceptable ranges for the 7, ’s of programmed (*“0”)

and erased (“1”) cells.
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As seen in figure 2.15, V_, sits between the two distributions of threshold

voltages. This is done so that if the cell has not been programmed,

V. will induce a

conductive channel allowing current flow from drain to source and is interpreted as a “1”

stored in the cell.

At the same time, V,, is smaller than the V7, ’s of the programmed distribution,

therefore there is no current flow from drain to source and is interpreted as a “0” stored in

the cell.

The effect of electrons stored on the floating gate on the threshold voltage of the

cell can be expressed by the following equation [11]:

T—programmed ~— " T—erased C
IPD
where
Vi s 1S the threshold voltage of an erased cell.

Vi programmea 1S the threshold voltage of a programmed cell.

O, 1s the charge stored on the floating gate.

(2.5)

C,, 1s the interpoly dielectric capacitance or the control gate to floating gate

capacitance.

A simplified schematic energy band diagram of an erased (left) and a

programmed (right) Flash memory cell are shown in figure 2.16 [8].
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Figure 2.16: Energy band diagram of an erased (left) and a programmed (right)

PolySi n+
tunnel oxide

Control Gate
PolySi n+
interpoly dielectric
Floatingl Gate
.
Si:p
o
S
n+
P

Flash memory cell.

e Program: Programming or “writing” to an un-programmed cell simply means charging
the floating gate. This is done using Fowler-Nordheim Tunneling. A large positive

voltage, V, is applied to the control gate while the substrate is grounded. When the

rogram
oxide barrier between the substrate and the floating gate becomes thin enough, electrons
tunnel from the substrate to the floating gate through the gate oxide. Fowler-Nordheim

Tunneling has been discussed in detail in a later section.



24

VProgam

ov L Dielectric ] ov

egpepaepeeesees

Source

Substrate

oV

Figure 2.17: Voltage conditions during programming a NAND Flash memory cell.

Program Inhibit: The programming voltage that is applied to the selected wordline is

carried to all cells sharing the wordline. If a high potential such as V'

rogram 1S APPlied
to the wordline, all cells sharing the wordline would get programmed rather than just
the selected cell. In order to prevent unselected cells from being programmed, they

must be “inhibited” from being programmed. The program inhibit process is also

often referred to as “boosting”.
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Before proceeding to a detailed explanation of the process of boosting, the
following device parameters are assumed for the purposes of demonstration:

Vee =1.8V

V. of SGD and SGS = 0.8V

Vpaxs = 5V
Vinhibn =10V
V =20V

program

The following are the basic steps involved in the boosting process:

0 Step 1: The SGD voltage is driven to V.. (1.8V) and all wordlines to /. This

pass
opens a continuous channel from the bitline down the length of the string. The
unselected bitlines (all strings except for the ones in which the cell to be programmed

exists) are ramped to V.. (1.8V). The selected bitline (string in which the cell
selected for programming exists) is kept grounded. The cells in the unselected strings
are now off and the channels floating at ~1V (1.8V-V7.), while the channels of the
cells in the selected string are still at OV. The source slot is ramped toV... This stops

current from flowing through the string. Since no current is flowing, but all channels
are open, the source, drain, and channel of all cells in the string will be at the same

potential. Figure 2.18 (a) shows the cell conditions after step 1 of the boosting process

9.
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0 Step 2: The potential on SGD is dropped from 1.8V to 1.0V. Since the V. of these

cells is 0.8V, this guarantees that the SGD transistor of all unselected strings are shut

off (V. <V, or 1.0V-1.8V<0.8V), while the SGD of selected strings remain on
(Vss>Vy or 1.0V-0V>0.8V). The source, drain and channel of the unselected strings

are therefore floating, while those of the selected string still have a path to ground.
Figure 2.18 (b) shows the cell conditions after step 2 of the boosting process [9].

o Step 3: All wordlines in the block are raised to 10V (V... )- The floating channels of

the unselected strings will capacitively couple to the gate and float up to
approximately 8-9V, thereby reducing the gate-to-well potential to approximately 10-
12V. That is not enough potential to induce tunneling, so these cells will not be
programmed. The selected wordline is then raised to 20V. Since the selected string is
still grounded, the gate-to-well potential on the selected wordline is 20V, while the
potential across the cells on the unselected wordlines is only 10V. Therefore, only
the cell on the selected wordline and bitline will be programmed. Figure 2.18 (c)

shows the cell conditions after step 3 of the boosting process [9].
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Vpass Vpass Vpass
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Cell that has been
selected for
programming.
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1.8V 0OV 10V 10V 10V 20V 10v 10v 1.0V

Source Select Select Bitlines
Slot gate gate
source drain
(©)

Figure 2.18: Cell conditions after (a) step 1 of the boosting process, (b) step 2 of the

boosting process, (c) step 3 of the boosting process.

Figure 2.19 shows a final cell conditions at the end of the boosting process.

1.8V 0OV 10V 10V 10V 20V10v10v 1.0V
_lov  _hov  _fov _l2ov _I_v

| o el et Al o SR A 1.8V

ElEE %\)_u_v j\If1_(f\.f ml;_?v H@v _1”_0\: __lov

[10v | 10V [10v v ov
’:e-_lﬁﬁ V- av- I w w ’:QEE%
-0V ~9v ~V] e ~9V —oV ~oV 8V

Source Select Select Bitlines
Slot Gate Gate
Source Drain

Figure 2.19: Final cell conditions at the end of the boosting process.
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A cross-section view and respective voltage conditions within a selected (5 cell)

string are shown in figure 2.20 [9].

p-Substrate (0V)

Figure 2.20: Cross-section view and respective voltage conditions within the selected

string.

A cross-section view of a program inhibited (5 cell) string and the respective

voltage conditions is shown in figure 2.21 [9].

p-Substrate (0V)

Figure 2.21: Cross-section view and respective voltage conditions within a program

inhibited string.



A timeline of the boosting process is shown in figure 2.22 [9].
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Figure 2.22: A timeline of the boosting process.

It must be noted that even though the representations above show 20V being

applied as the programming voltage, in modern NAND Flash devices, program verify

operations (discussed later in this section) are performed at fixed intervals during the
ramping of the wordline to 20V. In other words, the applied program pulses are ramped
up starting from a small voltage and increased gradually, with program verify operations

performed intermittently. The single cell programming algorithm can be broken down
into the following steps:

30
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1. Apply a low voltage program pulse to the selected wordline (and, in turn, to the
selected gate).

2. Check the cell V7, (Program Verify operation).
3. Ifcell ¥, > Target V., end programming loop.

4. If the cell V7, < Target ¥, , increment the gate voltage (stepped WL voltage).
5. Repeat steps 2-3.

In summary, the starting gate voltage needs to be low enough to ensure the cell
does not over program in the first pulse. The key to programming a cell, without over-
programming the selected cell, is to move the threshold voltage up as gently as possible
yet hard enough to minimize the time to program. Another reason for not applying higher
than necessary program pulse voltage is to avoid inadvertently programming neighboring

cells (‘Program Disturb’ mechanism).

Program Verify: After the program operation, a program verify is done with slight guard
band. That means that we apply slightly higher voltage to the wordline than a typical read
operation to guarantee margin. This voltage is known as the program verify voltage, V', .
Each sense amp tries to detect the state of the cell in a program verify operation.

Internally, the sense amp maintains a latched state of the expected data and does a

compare vs. the sensed data.

If the cell in question has been “programmed” enough, it will have a V;

greater than ¥, , and no current flow will be detected by the sense amp and the cell is

read as a “0”. On the other hand, if the I/, of the cell in question is below the
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expected V,_ and the string discharges, the sense amp will detect the current

programmed "
and the cell is read a “1”, which indicates the program operation has not completed
yet. Another program pulse is then applied to the cell followed by another program
verify operation. This algorithm is repeated until the cell in question is verified to

have been programmed or we have a program verify failure (program fail status).

Erase: Erasing a programmed cell is the reverse process of programming an erased cell,
I.e. instead of tunneling electrons from the substrate to the floating gate, we now tunnel
electrons from the floating gate back to the substrate. A sufficiently large positive

voltage, V

erase !

is applied to the substrate while the control gate is grounded and electrons

tunnel from the floating gate to the substrate through the gate oxide, again, by the process

of Fowler-Nordheim tunneling.

ov

float float
Floating Gate
e s aeina
ae

a i
Drain e eeeeeeeceeee | Source

4 eege 5
,: eleie e ele ele e elele ele e .

Substrate

VErase

Figure 2.23: Voltage conditions during erasing a NAND Flash memory cell.
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e Erase Inhibit: For die-size reasons, all blocks share the same p-well, which is the
reason why the erase operation is typically done one block at a time. To inhibit blocks
other than the selected blocks from being erased, the wordlines in the unselected
blocks are floated. The positive p-well bias capacitively couples to the wordlines,

raising them close to V., (~20V). As a result, a very low voltage is dropped across

the gate stack, and therefore no tunneling takes place.

A cross-section view and respective voltage conditions of a (5 cell) string that has

been selected for erase is shown in figure 2.24 [9].

]

< 1]
¢ 1]
[]
m

i

Figure 2.24: Cross-section view and respective voltage conditions of a string that has

m
<«
5

p-Substrate (20V)

been selected for erase.
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The voltage conditions of a string that has been erase inhibited are shown in

figure 2.25 [9].

BL = float
Coupled to 20V
ﬂoat_|
. / l \

float I

I: P-substrate =20V

P-Substrate

float |||: +20
float |||:|

L

L

-

Figure 2.25: Voltage conditions of an erase inhibited string.

Erase Verify: Erase verify is not performed cell-by-cell as opposed to a program

verify. Instead, each string is verified, with all wordlines set to Erase Verify voltage,

V., . If the string current detected by the sense amp is lower than the expected current

(i.e. the current when all cells in the string are erased), it indicates that one or more

cells in the string have not been completely erased. More erase pulses are then

applied followed by another erase verify. This algorithm is repeated until all cells in

the string are verified to have been erased or we have an erase verify failure (erase

fail status).
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Figure 2.26 shows the V. distribution of programmed vs. erased cells, in an SLC

device, relativeto V,,, V...,V ,.,and V. .
1’s Margin
B
st Vead Vw VF‘”’

14

Figure 2.26: V, distribution of programmed vs. erased cells relativeto V', ,V, o

ev 1’ read !
and V

pass *

The relative characteristics and conditions of programmed and erased cells in an

SLC device have been summarized in table 2.3.

Table 2.3: Relative cell conditions of programmed vs. erased cells in an SLC device.

Current in Channel

Cell state |# of e*sin Floating Gate| Cell V¢ (When Vyeag is applied)? Logic State
Not Low Low Yes 1
Programmed

Programmed High High No 0
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The electronic characteristics of a Flash memory cell are essentially like those of
a MOSFET. Once the potential of the floating gate is determined, the current equations
for a MOS transistor can be used to compute the IV characteristics of the Flash memory
cell [12].

In order to determine the potential of the floating gate, the capacitive coupling
needs to be considered. The capacitive components of a generic floating gate device such

as a Flash memory cell is shown in figure 2.27, where C; is the capacitance between the

source and the floating gate, C, is the capacitance between the substrate and the floating
gate, C,, is the capacitance between the drain and the floating gate and Cp. is the

capacitance between the floating gate and the control gate (also referred to as Cypp

earlier) [12].

| CONTROL GATE |

L

_'_ Cgc
| FLOATING GATE \
L i I

Cs Cs Co
| |
SOURCE DRAIN
SUBSTRATE

Figure 2.27: Capacitive components of a generic floating gate device.
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As can be seen from figure 2.27, the total capacitance of the floating gate, C,, ., , is

the sum of the individual capacitive components i.e.
Crom =Cs+Cu+Cp +Cpp (2.6)
The total charge on the floating gate, Q,, , can then be written as
Ore= Wi ~Vs) X Cs + (Vg =V )X Cy + Vi =V )X Cp + Ve =V )X Cre - (27)
where V.. is the potential on the floating gate, V. is the potential on the control gate,
and Vs ,V,, and V, are potentials on source, substrate, and drain, respectively. The

potential of the floating gate is given by

Vig= Org taglesta,VpstagVs+a,l, (2.8)
Total
where
C i .. .
a, =—'% the coupling coefficient relative to the control gate (2.9)
Total
C, : - . .
a, = , the coupling coefficient relative to the drain (2.10)
Total
Cq . - :
ag = , the coupling coefficient relative to the source (2.11)
Total
C, . - :
a, = , the coupling coefficient relative to the source (2.12)

Total

Due to its near identical structure and function as a MOS transistor, the current-
voltage equations for a Flash memory cell can be derived from the current-voltage

equations of the MOS transistor. This is done replacing the MOS gate voltage V., with
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the floating gate voltage V,, and transforming the device parameters such as threshold
voltage (7, ) and conductivity factor (3), to values measured with respect to the control

gate [12]. If we define for ¥/, =0,

Vie=a, Ve (2.13)
and
pro=t peo (2.14)
g

the current—voltage (I-V) equations of a floating gate transistor can be compared to
those of a conventional MOSFET in the triode region and the saturation region. The
derived current-voltage equations for a Flash memory cell are as follows:

In the triode region,

|VDS| < aG‘VGS + Vs — VTCG‘ (2.15)
and
1
Ins= p< {(VGS VW —[f— 5 jvss} (216)
2%¢
In the saturation region,
|VDS| 2 aG‘VGS + fVps — VTCG‘ (2.17)
and
CcG
2
I = ﬂz ag (VGS + Vs — VTCG) (2.18)
where

! :“—D[: C) j (2.19)
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2.4 ELECTRICAL CONDUCTION THROUGH THIN DIELECTRICS

Electrical conduction through dielectrics can be divided into two main categories:
bulk-limited conduction and electrode-limited conduction [5]. In bulk limited conduction,
the electrical current is determined by the properties and characteristics of the dielectric
itself, and is independent of the characteristics of the electrodes where the current is
originating from. On the other hand, in electrode-limited conduction, the current is
determined by the properties and characteristics of the electrodes where the current is

originating from [13]. In the case of SiO,, the conduction current is electrode-limited.

That is because of the very large energy barrier of about 9eV and a high energy barrier of
about 3.2eV at its interface with silicon. An example of bulk-limited conduction can be

seen in the case of Si;N,which has an energy gap of only about 5eV and an energy

barrier of 2eV at its interface with silicon. Another point to be noted is that since SiO,
has a smaller barrier for electrons in the conduction band (~3.2eV) compared to the holes
in the valence band (~4.7eV), the current through SiO, will be composed primarily of
electron conduction [5].

The proof that the current through SiO, is electrode limited was observed by
Lezlinger et al. by studying the current-voltage characteristics of different electrode
materials [13]. For a metal-oxide-silicon system, it was observed that for a positive bias
on the metal, the current was independent of the metal used. At the same time, for a
negative bias on the metal, the current was dependent on the particular metal used.

However, it has been shown in a study [14] that in an oxide containing a high

density of charge traps, the conduction process can change from being electrode-limited
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to being bulk-limited. Charge trapping is a form of oxide degradation that may be caused

by high electronic field/current stress during the tunneling process.

3200
Ee
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& Ey
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Figure 2.28: Energy band diagram for the Si — SiO, interface.

2.4.1 FOWLER-NORDHEIM TUNNELING

Fowler-Nordheim tunneling is a field-assisted electron-tunneling mechanism [5].
It is the tunneling of electrons from the vicinity of the electrode Fermi level through the
forbidden energy gap into the conduction band of the oxide in the presence of a high
electric field [13]. Fowler-Nordheim tunneling is one of the most important injection
mechanisms used in floating gate devices.

Due to the high electric field, the electrons in the conduction band of silicon see a
steep triangular energy barrier as shown in figure 2.29. The magnitude of the barrier
slope is directly proportional to applied electric field. The width of the energy barrier is,
therefore, determined by the applied electric field. The height of the barrier is determined

by the electrode material and the band structure of SiO, . As the electric field is increased
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by increasing the applied voltage at the control gate, the barrier slope becomes steeper

and hence the barrier width is decreased.

Silicon

Polysilicon

Oxide

Figure 2.29: Energy band representation of Fowler-Nordheim tunneling through

thin oxides.

At sufficiently high fields, the width of the barrier becomes sufficiently small for
the electrons to tunnel through the barrier from the silicon conduction band into the oxide

conduction band [5]. In the Fowler-Nordheim regime, the value of the oxide electric field

D . . . . .
becomes larger thant—b, where @, is the barrier height and ¢, is the thickness of the

ox

tunnel oxide [16]. This mechanism was originally demonstrated by Fowler and Nordheim
for electrons tunneling through a vacuum barrier and a modified version of that was later
presented by Lezlinger and Snow for oxide tunneling. The Fowler-Nordheim current

density is given by the following equation [5]:



_EC

2
J =ak,, exp( )
inj
with
3
a=—1 m*
8h®, m
and
-0, %
E.=4&2m —
3hg

where /4 = Plank’s constant (4.13567 x10™ eV .s)

®, = The energy barrier at the injecting interface (3.2eV for Si - SiO,)
E,.= The electric field at the injecting interface (\V/cm)

g = Electronic charge (-1.602x107°C)

m = The mass of a free electron (9.109x10* kg )

m’ = The effective mass of an electron in the band gap of SiO, (0.42m [17])
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(2.20)

(2.21)

(2.22)
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The 1-V characteristic of Fowler-Nordheim tunneling is shown in figure 2.30 [18].
It can be seen that the current density is approximately exponentially dependent on the

electric field within the oxide.

FOWLER-NORDHEIM TUNNELING |-V CHARACTERISTICS
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Figure 2.30: Fowler-Nordheim tunneling I-V characteristics.

The energy band representation of the Floating Gate (polysilicon)-Tunnel Oxide
(Si0,)-Substrate (Si) system for a Flash memory cell at zero bias is shown in figure
2.31(a). The energy band representations of the Floating Gate (polysilicon)-Tunnel Oxide
(Si0, )-Substrate (Si) system during the program and erase operations are shown in

figures 2.31(b) and 2.31(c), respectively.
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Floating Gate (n*- Polysilicon) .._.. Substrate (p - Silicon)
Sio,

(c)
Figure 2.31: Energy band representation of Fowler-Nordheim tunneling (a) at zero
bias, (b) from substrate to floating gate (Program Operation), and (c) from floating

gate to substrate (Erase Operation).

It is important to note that at very high voltages, the silicon surface will be
degenerate n-type regardless of the bulk doping [13]. For an electrode with donor density
of 5x10" c¢m™ and an oxide electric field of 7.5 MV/cm at the interface, the Fermi level
is calculated to be about 0.25eV above the bottom of the silicon conduction band at the

surface [15].
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Summary:

This chapter reviewed the two types of semi-conductor memories i.e. volatile
semiconductor memory and non-volatile semiconductor memory while focusing on non-
volatile semiconductor memory, Flash in particular. The basic differences between NOR
Flash and NAND Flash, their respective advantages and disadvantages, and applications
were briefly discussed. Finally, a detailed discussion of the structure and function and

principles of operation of the NAND Flash memory cell were included in this chapter.
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CHAPTER 3: RELIABILITY ISSUES IN NAND FLASH MEMORY

Despite its numerous advantages, Flash memory suffers from the disadvantage of
limited endurance [19]. There is a limit to the number of times the memory cells can be
programmed and erased. High electric fields and, in turn, high current densities are

applied to the tunnel oxide (SiO, ) during the program/erase cycling of a Flash memory

cell. Program/erase cycling is known to cause a fairly uniform wear-out of the cell
performance, mainly due to tunnel oxide degradation, which eventually limits the
endurance characteristics [20]. The intrinsic limitation of the tunnel oxide to withstand
the high field/current induced stress is of significant importance as it directly translates to
the endurance and reliability of the cell. The reliability and performance of a Flash
memory cell are evaluated using device characteristics such as transient characteristics,
endurance characteristics and retention characteristics [5].

The transient characteristics of a Flash memory cell include the shifting of the cell
threshold voltage (threshold voltage modulation) as a function of time during
programming and erasing. These characteristics, in turn, determine the values of the
voltages and the time needed to program and erase the cell. The cell threshold voltage
and, in turn, the program and erase time is altered by charge trapping in the tunnel oxide
caused by the tunneling current passing through it during the program and erase
operations.

The endurance of a Flash Memory cell is defined as the number of program and
erase cycles that can be performed before the device breaks down due to damage or

degradation of the tunnel oxide (owed to high field/current stress during Fowler-
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Nordheim tunneling). Tunnel oxide degradation caused by Fowler-Nordheim tunneling
has been discussed in detail in a later section.

The retention of a Flash Memory Cell is defined as the time it takes for the charge
stored on the floating gate to be lost through leakage. The retention characteristic of a
Flash Memory cell is, again, dependent on tunnel oxide degradation caused by Fowler-
Nordheim tunneling during programming and erasing.

The combined effect of all the device characteristics i.e. transient, endurance, and
retention define the reliability and performance of a Flash memory cell. Moreover, as
mentioned before, these characteristics are strongly dependent on tunnel oxide
degradation caused by high field/current induced stress during Fowler-Nordheim

tunneling.

3.1  TUNNEL OXIDE DEGRADATION CAUSED BY FOWLER-NORDHEIM TUNNELING

Charge trapping in tunnel oxide caused by Fowler-Nordheim tunneling is one of
the main causes of degradation in Flash memory cells and therefore one of the limiting
factors in their long-term reliability [15]. Tunnel oxide degradation in a Flash Memory
cell is much more significant as compared to a typical MOSFET because of the high
field/current induced stress during Fowler-Nordheim tunneling. A typical Flash Memory
cell is operated at voltages as high as 20V which is considerably higher as compared to
the operating voltages of a typical MOSFET.

One of the most significant tunnel oxide degradation mechanisms is stress-
induced charge trapping. Charge trapping is directly correlated to the threshold voltage

shift during program/erase cycles in Flash memory cells [21] which leads to memory
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window AV, (AV, =V, V., .ea) Narrowing eventually causing the cell to reach

rogrammed
end of its life-time. Charge traps are storage sites for electrons or holes in the oxide
created due to degradation caused by high field/current induced stress during Fowler-
Nordheim tunneling.

Charge trapping in the tunnel oxide causes transient, endurance and retention
failures in Flash memory cells and therefore is an important phenomenon to understand

in order to attempt improving the reliability and endurance of Flash memory cells.

3.1.1 CHARGE TRAPPING IN TUNNEL OXIDE

Charges in Si—SiO, systems can be broken down into four main categories [22]:
1-  Interface trapped charge: This is the charge that is located at the Si-SiO,

interface. These are attributed to intrinsic dangling bonds, oxidation induced structural

defects, and physically induced defects.
2- Fixed oxide charge: This is the charge located in the oxide near the Si-SiO,

interface and is primarily positively charged. This charge originates from the oxidation
process in which ionized silicon is not satisfied with an oxygen bond.

3- Oxide trapped charge: This is the charge located in the bulk of the oxide and can be
negatively or positively charged, depending on the polarity of the charge trapped.

4- Mobile ionic charge: This type of charge occurs mainly due to ionic contamination
such as Na'. A source of ionic contamination can be physical contact of the oxide with

human skin, which contains Na* ions.
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Among the above mentioned four categories, interface trapped charge and oxide
trapped charge play the most significant role, when it comes to Fowler-Nordheim
tunneling and reliability in Flash memory cells [22].

High field/current stressing during Fowler-Nordheim tunneling causes both

positive and negative charge trapping in SiO, [23]. The origin of charge traps is still not
entirely understood and is a current area of interest for researchers. There have been a
number of theories and models attempting to explain the phenomenon of charge trap
generation in SiO,. A few models are based on the relaxation of a bond close to the
interface after a hole is captured and others based on the effect of hydrogen liberated by
stress [15]. It is believed by researchers that trap generation is a consequence of Si-H
bond breaking by high energy electrons [24].

According to Jeno et al. [23], positive charge trapping is believed to be a
consequence of direct tunneling between the anode and the trap sites near the Si — SiO,
interface and negative charge trapping is believed to be caused by the trapping of the
injected electrons into the traps that pre-exist in the oxide as well as the traps that are
generated during the high field/current stressing of the oxide. According to a study on
hole trapping in SiO, [25], it was suggested that during Fowler-Nordheim tunneling,
some of the high-energy electrons will generate electron-hole pairs in the oxide (by
impact ionization) and some of the generated holes will be trapped within the oxide. It
was reported in [26] that electron trap sites are related to diffused water into the SiO,
film, which is in compliance with the conclusions made in [24]. It was shown that
negative charge build-up in ultra-dry oxide is 1/10™ that of wet oxide. The results in [26]

suggest that the hydrogen contained in the oxide strongly affects the generation of
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electron traps in SiO, as shown in figure 3.1, which are in compliance with the theories

and conclusions supported in [24].

]
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Figure 3.1: Electron trap density as a function of Hydrogen concentration in the

oxide.

In an experiment conducted by Jeno et al. [23], Polysilicon- SiO,-Si capacitors
were used to study high field/current stress induced charge trapping in SiO, . C-V and I-
V measurements were used to monitor the concentration as well as the centroid of the
charge build-up in the Polysilicon- SiO, -Si capacitors. Capacitors with p-type substrates

were subjected to high current stress for 10 seconds and the C-V and I-V measurements

that were obtained are shown in figure 3.2.
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Figure 3.2: (a) C-V and (b) I-V measurements before and after the Polysilicon-SiO,-

Si capacitors were stressed for a short time.

When gate stress was applied to the p-type capacitors, a negative shift in the C-V
curve was observed indicating a net positive charge in the oxide. From the shifts in C-V
i.e. AV + and I-V i.e. AV -, the centroid of the positive charges, X'+, was calculated

using the following equation:
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AV — X'+

= (3.1)
AV+ d, —-X'+

where X'+ is measured from the Si—SiO, interface. It was found that the value of X'+
was much smaller compared to the thickness of SiO, suggesting that the positive charges

are very close to the Si— SiO, interface.

It was further observed that the concentration of the positive charges (which can
be determined from the C-V or I-V shift using the calculated value of X'+ ) is
independent of the oxide thickness and hence it is indeed an interface phenomenon.
Figure 3.3 shows the concentration of positive charges plotted against various stress

fields for different oxide thicknesses [23].

OXIDE THICKNESS:
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Figure 3.3: Positive charge concentration plotted against various stress fields for

different oxide thicknesses.
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It was further observed that the concentration of trapped positive charges
increased exponentially with the applied stress field.
Overall, it was shown that positive charges are formed/trapped near the Si—SiO,
interface as a consequence of direct tunneling between the anode and the trap sites near
the Si— SiO, interface and that their concentration is independent of the thickness of the

oxide.

As discussed above, initially a negative shift (due to positive charge trapping ) of
the C-V curve is seen. However, it was observed that after a short duration of continuous
high field stress, the curve begins to shift in the positive direction and a net positive shift
is seen relative to the initial curve [23]. The obvious deduction is that as more and more
electrons get trapped in the oxide, the total number of negative charges trapped out
number the total number of positive charges and the oxide at which point the oxide
carries a net negative charge trapped.

In order to study the concentration and centroid of the negative charges trapped in
the oxide, it was made sure that the positive charges initially trapped in the oxide were
neutralized. One of the methods that can be used is to apply a reversed gate stress. An
initial set of positive and negative 1-V curves were recorded. The I-V measurements were
made at relatively low current levels (at least two orders of magnitude lower than the
stressing current) to make sure a significant amount of electron trapping is not introduced

in the oxide. The Polysilicon- SiO, -Si capacitors were then stressed and positive and

negative 1-V curves were taken. It was observed that (given the positive charges are
properly neutralized) the positive and negative I-V curves shifted by the same amount i.e.

AV + = AV -, implying that the centroid of negative charges, X', is at the center of the
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oxide. Figure 3.4 shows the positive and negative I-V curves taken before and after
stressing the capacitors for 10 minutes [23]. As in the case of positive charges, the
concentration of the negative charges can be determined from the C-V or 1-V shift using

the calculated value of X'—.
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Figure 3.4: Positive and negative I-V curves taken before and after the Polysilicon-

Si0O,-Si capacitors were stressed for a prolonged period of time (10 minutes).

The phenomenon of initial net positive charge generation (hole trapping) followed
by a net negative charge generation in the oxide (electron trapping) was reconfirmed in a
study done by Ohij et al. [26]. It was shown that the leakage current in a constant current
stressing test of (oxynitrided and un-oxynitrided) silicon dioxide initially increased for a
short time and subsequently decreased confirming the initial generation of positive
charges and subsequent generation of net negative charges, as shown in figure 3.5. It can
be clearly seen that the phenomenon of the initial net positive charge generation is short-

lived and net negative charge trapping quickly becomes dominant.
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Figure 3.5: Leakage current changes in a constant current stressing test of SiO..

Impact ionization caused by high energy electrons generates electron-hole pairs in
the oxide and some of the holes get trapped in the oxide [25]. After the electron-hole
pairs are generated, they are free to tunnel through to the anode and cathode, respectively.

However, since SiO, has a smaller barrier for electrons in the conduction band (~3.2eV)

compared to the holes in the valence band (~4.7eV), a greater number of generated
electrons will tunnel through to the anode compared to the number of holes tunneling
through to the cathode [5]. According to [23], positive charges are generated in the oxide
by to direct tunneling between the oxide and the anode. However, the number of electron
traps in the oxide increases as the oxide degrades due to high field/current stressing of the
oxide until they out-number the positive charges and the oxide exhibits a net negative

charge trapping [23]. It was shown that trapped positive charges are relatively unstable
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compared to negative charges and can be easily neutralized. On the contrary, the trapped
electrons are much more stable, which explains the domination of electron traps in the
oxide in the long term. The energy level of trapped electrons is believed to be at least

more than 3.25eV below the conduction band of the SiO, .

3.2  RELIABILITY CONCERNS CAUSED BY CHARGE TRAPPING IN TUNNEL OXIDE

The density of charge trapped in the oxide is proportional to the current density
integrated over time (flux) [27]. After repeated program and erase cycles over time, the
tunnel oxide traps up enough charge that the cell reaches the end of endurance. End-of-
life endurance by trap-up is a typical failure mode in Flash memory cells [5].

The typical endurance characteristics of an SLC NAND Flash memory cell are

shown in figure 3.6 [4]
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Figure 3.6: SLC Flash memory cell endurance characteristics.
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and V. with extended

T—erased

It can be seen that there is an increase in V.

T—programmed
program/erase cycling of the NAND Flash memory cells.

As discussed before, there is an initial generation of net positive charge (holes) in
the tunnel oxide, however, that phenomenon is short-lived. An initial slight decrease in

V.

T—erased

may sometimes be observed as a consequence of the positive charge generation

in the tunnel oxide which enhances the tunneling efficiency [8,25,28], as shown in figure
4.4. The increase in net positive charge in the oxide, which results in an additional
electric field at the interface, causes additional electrons to be tunneled out from the
floating gate during the erase operation. At the same time, the positive charges in the
oxide result in a decrease in the intrinsic threshold voltage of the erased cell. The two
effects i.e. over-erasing of the cell (removal of more than intended electrons to the
floating gate) due to increase in tunneling efficiency and decrease of the intrinsic
threshold voltage of the cell due to positive charges in the oxide result in a decrease in

V.

—erasea - ON the other hand, during the program operation, the same phenomenon i.e. an
increase in the tunneling efficiency caused by the positive charges in the oxide results
additional electrons being tunneled into the floating gate. The over-programming of the
cell (addition of more than intended electrons to the floating gate) has an effect of
increasing the threshold voltage of the programmed cell. However, the positive charges in
the oxide have an effect of decreasing the intrinsic threshold voltage of the cell. Since the

two phenomena i.e. increase in tunneling efficiency and decrease in intrinsic threshold

voltage of the cell have an opposite effect, often little or no initial change in V.

T—programmed

is observed, as has been well explained in [28]. The net effect on V. (increase or

programmed

decrease) depends on which one of the two phenomena i.e. decrease in intrinsic threshold
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voltage due to positive charge generation and increase in tunneling efficiency is
dominant. However, as mentioned earlier, the phenomenon of positive charge generation

in the oxide is short-lived (as seen in figure 4.4) and hence the change in 7, and

T—erased

may not always be detected, which is the case in endurance characteristics

VT— programmed
shown in figure 3.6.

As the number of program/erase cycles increase, V, .., Starts to rise. The long-

term increase in V.

T—erased

IS due to the generation of net negative charge or traps in the

oxide [8]. During the erase operation, the increase in net negative charge in the oxide
results in a reduction in the effective electric field at the interface which hinders the
tunneling of electrons out of the floating gate during the erase operation. Also, the
negative charges in the tunnel oxide result in an increase in the intrinsic threshold voltage
of the cell. The two phenomena i.e. under-erasing of the cell (removal of less than
intended electrons from the floating gate) and increase in the intrinsic threshold voltage

of the cell result in an increase in V.

T—erased *

During the program operation, a decrease in

the tunneling efficiency caused by the negative charges in the oxide results in less than
intended electrons being tunneled out of the floating gate. The under-programming of the
cell (addition of less than intended electrons to the floating gate) has an effect of
decreasing the threshold voltage of the programmed cell. However, the negative charges
in the oxide have an effect of increasing the intrinsic threshold voltage of the cell.

Therefore, unlike the additive effect in the case of V, the two phenomena i.e.

—erased !

increase in the intrinsic threshold voltage and the reduction in tunneling efficiency

(caused by negative charge trapping) have an opposite subtractive effect on V.

programmed *
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That is the reason why the rise in V,_ is much sharper compared to the rise in

erased

e

T—programmed *
It must be noted that the endurance characteristics of NOR Flash memory cells
are slightly different as compared to NAND Flash memory cells. The difference is

essentially between the V.

T programmea CATacteristics and is most likely due to the
difference in programming mechanisms between the two. NOR Flash memory cells
typically use CHE (Channel Hot Electron) injection mechanism to program the cells (as
opposed to FN tunneling used in NAND Flash memory cells) [7,28,29]. After extended
cycling, the degradation mechanism inherent to CHE programming appears. Interface
states generated at the drain side reduce the electron mean free path, impacting on the hot
carrier generation mechanism, and electrons trapped in the tunnel oxide modify the
electric field at the injection point, reducing the programming efficiency [28]. It can be
deduced that, in NOR Flash memory cells, the effect on reduction in CHE injection
efficiency caused by oxide degradation near the drain side is the dominant phenomenon
during the program operation (as compared to the affect of increase in intrinsic threshold
voltage caused by negative charge trapping).

A typical endurance plot of a NOR Flash memory cell (using FN Tunneling for

erasing and CHE injection for programming) is shown in figure 3.7 [28]. Even though a

decrease in V.

T programmea 1S NOt @pparent until 100k cycles as seen in figure 3.7, an increase

in ¢ is seen when the cell is further cycled (which is equivalent to an increase in

program

V.

T—programmed

when a program verify scheme is used) as shown in figure 3.9.
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Figure 3.7: Programmed and erased V, as a function of the number of cycles for a

cell under fixed program and erase conditions.

The extent of change in V.

7 programmea 1N NOR Flash memory cells simply depends
on the how dominant one phenomenon is as compared to the other (i.e. reduction CHE
injection as compared to increase in intrinsic threshold voltage). On the other hand, in
NAND Flash memory cells, FN tunneling is used for both programming and erasing [7].
Therefore there is a uniform degradation of the tunnel oxide throughout the channel and

as the number of electrons traps increases with program/erase cycling, the intrinsic

threshold voltage of the cell increases. Since there is a net increase in both 7’

T - programmed

and V.

T—erased !

it can be deduced that the increase in intrinsic threshold voltage has a

greater effect on the threshold voltage of the programmed and erased cells as compared to

the effect of reduction in tunneling efficiency caused by trapped electrons.
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The factors that make one phenomenon more than dominant than the other are
still not entirely understood and a topic of interest for many researchers. It has been
shown in a study [14] that in an oxide containing a high density of charge traps, the
tunneling process can change from being electrode-limited to being bulk-limited i.e. the
tunneling current starts to be dominated by the oxide characteristics as more and more
charge gets trapped in it. However, it is difficult to characterize the small differences in
endurance characteristics observed in different Flash memory cells. The presence and
generation of carriers of both polarities and diverse energies complicates the analysis and
determination of tunnel oxide degradation mechanisms.

Overall, the observed memory window behavior is restricted to the general
statement that memory window widening is caused by positive charge trapping and
memory window narrowing is caused by electron trapping [30,31,32].

As the number of program/erase cycles increases, the threshold voltage of erased
cells keeps increasing until it becomes too high for the sense amp to distinguish it from
programmed cells, as seen in figure 3.6. The memory window keeps decreasing until it
becomes smaller than the minimum acceptable margin value and the cell reaches end-of-
life.

In modern Flash memory devices, however, the threshold voltage shift and V,
window closure is compensated by means of program and erase verify schemes [28]. The
cell 7, is checked after a program or erase operation (program/erase verify) in order to
determine whether or not the target V, has been achieved and, if not, programming or
erasing is continued until the cell is verified to have been programmed or erased. In

NAND Flash memory cells, where V. increases with P/E cycling when fixed

programmed
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programming conditions are used (no program verify scheme), it is obvious that the cells
now require less than standard/initial programming to raise the threshold voltage to the

required ¥, ...mmea (SINCE standard programming conditions are raising the threshold

voltage to a value higher than that is required). That translates to a decrease in ¢ as

program
the number of P/E cycles increases when a program verify scheme is used. On the other

hand, the increase in V, with P/E cycling (when no erase verify scheme is used)

—erased
means that more than standard erase conditions (i.e. number of erase pulses/pulse
widths/pulse heights) are now required to lower the threshold voltage of the cell to an

That translates to an increase in ¢ as the number of P/E

erased * erase

acceptable level of V,_

cycles increases. Figure 4.5 shows variability charts for the number of required program

and erase pulses (which directly translates to ¢ and ¢, ) as a function of

program
program/erase cycles for MLC NAND Flash memory cells fabricated on three different
silicon wafers. It can be seen that the number of erase pulses needed exponentially
increases after a certain number of P/E cycles as compared to a slight reduction in the
number of program pulses needed. It is obvious that the primary failure mechanism in

NAND Flash memory cells is erase verify failures i.e. z,_ becomes longer than the

device specification limit.
On the other hand, as discussed before, in NOR Flash memory cells an increase in

V.

T—erased

and a decrease in V.

T—programmed

is seen after extended cycling. That, of course,

translates to an increase in ¢ as well as ¢

erase program *

The program and erase times for a

NOR Flash memory cell as a function of the number of P/E cycles are shown in figure

3.8 [28].
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program/erase cycles in NOR Flash memory cells.

Similar results have been demonstrated in [8] where an increase in ¢, as well

erase

aS ,,00am 1N NOR Flash memory cells was observed, shown in figure 3.9.
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Figure 3.9: Program and erase times increasing as a function of the number of
cycles.
It can be seen in figures 3.8 and 3.9 that, in NOR Flash memory cells, the rise in

t,... 1S much sharper compared to the rise in ¢

erase

with extended cycling (like in the

program
case of NAND Flash memory cells). That can again be attributed to the two phenomena
(increase in intrinsic threshold voltage and reduction in tunneling efficiency) having an

additive effect on ¢, as compared to the opposite effect on ¢ . Hence it can be

erase program
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deduced that the primary failure mechanism in NOR Flash memory cells is erase verify

failures as well i.e. ¢, becomes longer than the device specification limit.

erase

Another reliability concern that arises because of charge trapping in the tunnel
oxide is Stress Induced Leakage Current (SILC). As discussed before, during the program
and erase operations the electric field strength across the tunnel oxide is very high (up to
several million volts per centimeter) which lead to oxide degradation/defect creation and
henceforth charge trapping in the oxide [4]. These defects act as a conducting path and
permit the charge on the floating gate to leak out into the substrate which causes the Flash
memory cells to have a finite data retention time. Over time, more and more defects arise,
which may lead to a total breakdown of the oxide layer.

A percolation model for stress-induced leakage current (SILC) and eventual oxide

breakdown is shown in figure 3.10 [4].

New Oxide Damaged Oxide Oxide Breakdown
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Figure 3.10: A percolation model for stress-induced leakage current (SILC) and

eventual oxide breakdown.
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3.3  SOME PRIOR WORK FOR IMPROVING CHARGE TRAPPING IN TUNNEL OXIDE

Due to the importance and dire need of improving long-term reliability and
endurance of NAND Flash memory, it is a current topic of interest for many researchers.
Numerous methods have been proposed for improving charge trapping in tunnel oxide.

As discussed earlier, tunnel oxide degradation occurs primarily due to stress
induced traps created during Fowler-Nordheim tunneling [15]. A lot of work has been
done by researchers in attempt to improve charge trapping in tunnel oxide and, in turn,
the reliability and endurance of NAND Flash memory.

In a study done by Ohij et al. [26], it was revealed that electron trapping is

strongly related to the Si-OH or the Si-H bond in SiO, films, while hole trapping is
caused by oxygen vacancies in the SiO,, both origination from diffused water in the
oxide. It was also found that oxynitridation of SiO, film considerably reduces charge

trapping in the oxide during Fowler-Nordheim tunneling current injection, as shown in
figure 3.5. The oxynitrided SiO, gate dielectric therefore showed reduction in the
programming time degradation during the program/erase operations of the Flash memory
cells.

Similar results were observed in a study done by Fukuda et al. [21]. It was seen
that using rapid thermal oxynitridation (RTONO) shows significant reduction in the
memory window narrowing in Flash memory. In the RTONO technology proposed in

[21], the tunnel oxide is grown in three steps: Si is oxidized in O, at 1100°C, then
lightly nitrided in ammonia (N77,) at 900°C, and then oxynitrided in nitrous oxide

(N,0) at 1100°C . The RTONO technology showed a 42% reduction in memory
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window narrowing. According to another research, increasing N,O annealing
temperature and time monotonically reduces electron trapping in the resulting oxides
[33]. The same results i.e. reduction in memory window closure caused by N,O

annealing, have been demonstrated in [34], as seen in figure 3.12.
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Figure 3.11: Reduction in memory window closure caused by N,O annealing.

It was shown in [26] that the negative charges build up in the ultra-dry oxide is
1/10™ that of the wet oxide. It was reported that the ultra-dry oxides give rise to excellent

Si/ SiO, interface immunities against Fowler-Nordheim stressing. That implies that

using ultra-dry oxide is a solution for improving tunnel oxide degradation caused by
charge trapping.

According to a study done by Lopez-Villanueva et al. [15], it was shown that as
the thickness of the oxide decreases, the number if collisions within the bulk of the oxide
decreases. Hence fewer charge traps are created in the bulk of a thinner oxide layer
compared to thicker ones. That implies that one way of decreasing charge trapping in the

tunnel oxide could be using thinner oxides. However, oxide breakdown and stress
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induces leakage current are constraints that will need to be considered to determine an

optimum tunnel oxide thickness.

Summary:

In this chapter, the issue of tunnel oxide degradation caused by high field/current
stressing and resultant charge trapping was discussed in detail. It was established that
electronic stress is associated with charge trap generation in the tunnel oxide. However,
since a high field is always accompanied by a large injection current, it can not be
determined whether it is the field or the injection current or a combination of both that
causes trap generation. A reconfirmation of the preceding conclusions can be found in a
study conducted by Liang and Hu [27] in which it was shown that the density of trapped
charge in the oxide is proportional to the tunneling current density integrated over time
(flux). Cell threshold voltage shift and narrowing of the memory window caused by
charge trapping until the cell reaches end-of-life was then discussed in detail. Finally, a
few research works by various researchers in attempt to improve charge trapping in

tunnel oxide were discussed.
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CHAPTER 4: CHARACTERIZATION AND IMPROVEMENT OF FLASH MEMORY

ENDURANCE

As established and discussed earlier, tunnel oxide degradation is a direct
consequence of high field/current stress caused by Fowler-Nordheim tunneling during
programming and erasing NAND Flash memory cells. Tunnel oxide degradation causes
the threshold voltage of programmed and erased cells to shift and the memory window to
narrow with increasing program/erase cycles, which limits the program/erase endurance

and reliability of Flash memory devices.

4.1 ENDURANCE CHARACTERIZATION OF MLC NAND FLASH MEMORY CELLS

In this work, conventional MLC NAND Flash memory cells were fabricated and
tested for endurance. Endurance testing of the fabricated was performed using the two
different program/erase methodologies i.e. with and without program/erase verify

schemes (or fixed and dynamic program/erase conditions respectively).

4.1.1 ENDURANCE CHARACTERIZATION USING FIXED PROGRAM/ERASE CONDITIONS

The typical endurance characteristics of the fabricated MLC NAND Flash
memory cells, when fixed program/erase conditions are used, is shown in figure 4.1.
Threshold voltage measurements were made for logic levels 0 and 3 only (which is the
with

standard endurance testing procedure). As expected, the rise in V.

T—erased

program/erase cycling, is much sharper as compared to the rise in V.

T—programmed *
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Figure 4.1: Typical endurance characteristics of MLC NAND Flash memory cells.

Endurance cycling, using fixed program/erase conditions, was performed on MLC
NAND Flash memory cells fabricated on different silicon wafers (each silicon wafer
contains over 350 fabricated chips with a capacity of 16Gb on each chip) for repeatability
verification and plotted on the same graph as shown in figure 4.2. In other words, each

pair of curves in figure 4.2 represents the average endurance characteristics of more than

56 x10° MLC NAND Flash memory cells.
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Figure 4.2: Endurance characteristics of MLC NAND Flash memory cells.



Figure 4.3 shows the combined average values of V,_

programmed

and V.

T—erased
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at each

measurement step for all the fabricated cells plotted as a function of program/erase

cycles.

Figure 4.3: (a) Average V,_

(b) Average V,_
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It can be seen from figure 4.3 that at the end of 10,000 program/erase cycles,

V. increased by 2.42V i.e. the rise in

T—programmed

increased by 1.47V where as V,_

erased

V.

T—erased

is considerably sharper (~165%) as compared to V.

programmed *

As discussed before, there is an initial generation of net positive charge (holes) in
the tunnel oxide, however, that phenomenon is short-lived. As a consequence of positive
charge generation in the tunnel oxide, which enhances the tunneling efficiency, an initial

slight decrease in V. may sometimes be observed [8,25,28]. The phenomenon of

T—erased

slight initial decrease in V,_ was observed in a few of the fabricated cells, as shown

erased

in figure 4.4.

100
1000
10000

Cycles

Figure 4.4: Variability chart showing a slight initial decrease in V.

erased *
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4.1.2 ENDURANCE CHARACTERIZATION USING PROGRAM/ERASE VERIFY SCHEMES
As discussed earlier, the threshold voltage shift and memory window closure can
be compensated by means of program and erase verify schemes. The cell threshold
voltage is checked after a program or erase operation in order to determine whether or not
the target V. has been achieved and, if not, programming or erasing is continued until the
cell is verified to have been programmed or erased. In NAND Flash memory cells, as

shown before, V.

T programmea INCTEASES  With P/E  cycling when fixed programming
conditions are used (no program verify scheme). That means that with increasing
program/erase cycle, the cells require less than standard/initial programming to raise the

threshold voltage to the required V;_,,, ... (SiNCe standard programming conditions are

raising the threshold voltage to a value higher than that is required). That translates to a

decrease in ¢ as the number of P/E cycles increases when a program verify scheme

program

is used. On the other hand, the increase in 7, with P/E cycling (when no erase verify

—erased
scheme is used) means that more than standard erase conditions (i.e. number of erase
pulses/pulse widths/pulse heights) are now required to lower the threshold voltage of the

That translates to an increase in ¢ as the number

erased * erase

cell to an acceptable level of V.

of P/E cycles increases.

Overall, a decrease in ¢ and an increase in ¢ is typically seen with

program erase
program/erase cycling when program/erase verify schemes are used. That is why the
typical failure mechanism in conventional NAND Flash memory cells is erase verify

failuresi.e. ¢, rises to a value larger than the device specification limit.

erase
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Endurance cycling, using program/erase verify schemes, was performed on MLC
NAND Flash memory cells fabricated on different silicon wafers (each silicon wafer
contains over 350 fabricated chips with a capacity of 16Gb on each chip) for repeatability
verification. Figure 4.5 shows variability charts for the number of required program and

erase pulses (which directly translates to ¢ and ¢, ) as a function of program/erase

program erase

cycles.
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As expected, a sharp increase in the number of required erase pulses was seen
with extended cycling. At the same time, a slight decrease in the number of required

program pulses (which translates directly to decrease in ¢ ) was observed. It is

program
obvious from figure 4.5 that the primary failure mechanism in the fabricated NAND
Flash memory cells was erase verify failures. During the program operation, the increase
in intrinsic threshold voltage actually helps to raise the threshold voltage of the cell i.e.

t decreases. Therefore program verify failures are not a concern at this point.

program

In summary, the increase in intrinsic threshold voltage due to electron trapping in
the tunnel oxide is the primary failure mechanism and therefore a major issue as far as the
reliability and endurance of NAND Flash memory cells are concerned.

It can be noted from figure 4.5 that the average number of program pulses needed
for fresh cells is much higher compared to the number of erase pulses needed. That is due
to the fact that programming pulses are applied in small increments to avoid over-
programming the cell and also to avoid inadvertently programming neighboring cells
(‘Program Disturb’ mechanism). The key to successful programming is to move the
threshold voltage up as gently as possible (yet hard enough to minimize the time to
program). On the other hand, since the erase operation is done one block at a time, a high
enough voltage pulse can be applied to erase the cells in the shortest amount of

time/pulses.
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4.2  ANOVEL METHOD FOR ENDURANCE IMPROVEMENT:

In this work, a novel NAND Flash memory cell design has been proposed which
eliminates tunnel oxide degradation caused by Fowler-Nordheim tunneling and therefore
improves the long-term reliability and endurance of NAND Flash memory cells. Device
simulations and analysis have been provided demonstrating how the proposed cell design
provides superior endurance and reliability as compared to the conventional Flash
memory cells.

In a conventional NAND Flash memory cell, the tunnel oxide is used to tunnel
electrons to and from the floating gate and that, in turn, degrades the oxide. The cross-
section view of a conventional NAND Flash memory cell and schematic view of a
conventional NAND Flash memory array structure are shown in figures 2.4 and 2.8,
respectively.

The proposed cell design, namely ‘NAND Flash Memory Cell with Pseudo

Wordline’ is shown in figure 4.6.
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Figure 4.6: NAND Flash Memory cell with Pseudo Wordline.

Figure 4.7 shows a schematic view of a memory array using NAND Flash

memory cells with pseudo wordlines.

Pseudo Wordlines

P

I I .y Control Gate

Wordline

Floating Gate

Figure 4.7: Schematic view of the proposed NAND Flash memory array structure.
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As can been seen from figures 4.6 and 4.7, the proposed cell design has an
external polysilicon line running parallel to the wordline which is used to tunnel electrons
to and from the floating gate and connected directly to the floating gate through a layer of
polyoxide.

During the erase operation, electrons are tunneled from the floating gate through
the tunnel oxide in a conventional NAND Flash memory cell. However, in the proposed
NAND Flash memory cell, electrons are tunneled out of the floating gate via the
polyoxide. In other words, the proposed NAND Flash memory cell uses the polyoxide to
tunnel electrons to and from the floating gate during both the program and erase
operations, as opposed to a conventional NAND Flash memory cell which uses the gate
oxide where has for the tunneling processes.

The only major differences between a conventional NAND Flash memory cell
and the proposed NAND Flash memory cell are that:

e The cell is programmed by applying

rouram 10 the control gate and grounding the
pseudo wordline instead of the substrate/p-well.

e The cell is erased by grounding the control gate and applying V'

erase

to the pseudo

wordline instead of the substrate/p-well.
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Table 4.1: Comparison of operation conditions between the conventional and

proposed NAND Flash memory cell.

Conventional cell

V... appliedto

Control Gate and
substrate/p-well
grounded

V applied to

program

Control Gate and
substrate/p-well
grounded

Vv appliedto

substrate/p-well and
Control Gate
grounded

Proposed cell

V... applied to
Control Gate and

substrate/p-well
grounded

V applied to

program

Control Gate and

pseudo wordline
grounded

V. appliedto

pseudo wordline and
Control Gate
grounded

As explained above, the external poly line in the proposed NAND Flash memory

cell is used for program and erase only. The proposed cell is read through the control gate

just like in a conventional cell, however, during the program/erase operations, electrons

are tunneled to and from the control gate via the pseudo wordline, instead of the

substrate.

The primary advantage of the proposed cell design is that it will eliminate any

high field/current stressing of the tunnel oxide and hence eliminate any degradation of the

tunnel oxide. That will directly translate into an increase in the reliability and endurance

of the NAND Flash memory cell.
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4.2.1 SIMULATION SOFTWARE - BACKGROUND INFORMATION

In this work, the Sentaurus TCAD tool suite by Synopsis®, Inc. was used for
device simulations. Technology Computer-Aided Design (TCAD) refers to the use of
computer simulations to develop and optimize semiconductor processing technologies
and devices. Synopsys TCAD offers a comprehensive suite of products that includes
industry leading process and device simulation tools, as well as a powerful GUI-driven
simulation environment for managing simulation tasks and analyzing simulation results
[35].

The structure of a device is approximated by a mesh (1D, 2D, or 3D) consisting of
a large number of discrete elements. Differential equations describing the electric
potential and carrier distributions are applied to each element. Boundary conditions for
the simulation are chosen e.g. potentials at each electrode. The equations to find the
potential and carrier concentrations in each element are then solved. The software uses a
numerical solver using an iterative process where the iterations are user defined.

Overall, the simulation process can be broken into three main parts: building the

device structure, running the simulation, and viewing the results.

Building the Device Structure (using Sentaurus Structure Editor):

The Sentaurus Structure Editor tool is used to create the device structure. It is a
device editor and process emulator based on CAD technology [36]. It can be used for 2D
or 3D structure editing and 3D process emulation to create TCAD devices. In Sentaurus
Structure Editor, structures are generated or edited interactively using the graphical user

interface (GUI). From the GUI, 2D and 3D device models are created geometrically
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using 2D or 3D primary shapes such as rectangles, polygons, cuboids, cylinders, and
spheres. 3D regions can also be created by simple extrusion of 2D objects or by sweeping
2D objects along a path. Doping profiles and meshing strategies can also be defined
interactively. Sentaurus Structure Editor features an interface to configure and call the
Synopsys meshing engines. In addition, it generates the necessary input files for the
meshing engines, which generate the grid and data files for the device structure.

The mesh takes boundary (.bnd) and command (.cmd) files as arguments. The
‘StripDetector.bnd’ boundary file describes materials and contacts and the

‘StripDetector.cmd’ describes doping profiles and mesh refinement.

Running the Simulation (using Sentaurus Device):

Sentaurus Device is an advanced multidimensional device simulator capable of
simulating electrical, thermal, and optical characteristics of silicon-based and compound
semiconductor devices [37]. It is a new-generation device simulator for designing and
optimizing current and future semiconductor technologies such as nanoscale CMOS,
FINFET, thin film transistors (TFTs), SiGe heterojunction bipolar transistors (HBTS),
large-scale power devices, compound semiconductors, CMOS image sensors, light-
emitting diodes, semiconductor lasers, and Flash memory. Advanced physics and the
ability to add user-defined models in Sentaurus Device allow for investigation of novel
structures made from new material. Sentaurus Device is capable of simulating the
electrical, thermal, and optical characteristics of silicon and compound semiconductor

devices.
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Sentaurus Device takes the mesh and applies semiconductor equations and
boundary conditions (in discrete form) and solves for defined physical models which
works by modelling electrostatic potential (Poisson’s equation) and carrier continuity,

which are given by equations (4.1), (4.2), and (4.3) [38].

Poisson’s Equation: e V.E=-eVy=—q(p-n+N) (4.1)
o on 1
Electron Continuity: i —V.J, +(G-R) 4.2)
q
o op -1
Hole Continuity: > =—V.J,+(G-R) 4.3)
q
where
J, =qnu E+qD Vn 4.4
J,=qnu,E—qgD Vp (4.5)
D =u*L (4.6)
kT
Dp = lLlp ? (4'4)

G incorporates generation phenomena such as impact ionization or carrier

generation by external radiation and R describes recombination processes.
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The Sentaurus Device command file (*_des.cmd) specifies the following:
File - Input and output files
Electrode - List of the device contacts
Physics - Physics models used in simulation
Plot and CurrentPlot - Variables in included in output files
Math - Controls for solver

Solve - Simulation conditions

Sentaurus Device has various physics models available to simulate semiconductor
devices. The basic physics models include mobility, generation-recombination, and
effective intrinsic density. Material-dependent parameters and interface and contact

boundary conditions can also be defined in the Physics section of the syntax.

Mobility Model: Carrier scattering by impurity ions in doped semiconductors leads to
carrier mobility degradation. The model for mobility degradation due to impurity
scattering is activated by specifying the ‘DopingDep’ term in the Mobility section of the
syntax within the Physics section. In the presence of high electric fields, the carrier drift
velocity is no longer proportional to the field, and can thus no longer be described by a
field-independent mobility. Instead, the velocity saturates to a finite value. The high-field
carrier velocity saturation models are composed of three submodels: the actual mobility

model, the velocity saturation model, and the driving force model.
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Recombination Model. Sentaurus Device has different parameters available to define the
generation-recombination model. The basic Shockley-Read-Hall model for
recombination and generation of electron-hole pairs (generation and recombination due to
traps distributed in the forbidden band with doping dependence) is used by specifying the
’SRH (DopingDep)’ term in the Recombination section of the syntax within the Physics
section. The effects of band-to-band (BB) tunneling are included by using the
Band2Band model. The band-to-band tunneling model describes the generation of
carriers in high field regions without any influence of local traps. The band-to-band
tunneling process describes the field emission of valence electrons leaving back holes.
Another physics model that is available in Sentaurus Device is the Avalanche model. It

simulates the increase in generation from impact ionization.

Band Gap Model: The bandgap model is selected by using the ‘EffectivelntrinsicDensity’
statement in the Physics section. This models narrowing of the bandgap at high doping

concentrations and high temperatures.
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The physics model used for device simulations in this work is given by the

following syntax:

Physics {

Temperature=300

eQCvanDort

EffectivelntrinsicDensity(OldSlotboom)

Mobility(
DopingDep
HighFieldsaturation(GradQuasiFermi)
Enormal

)

Recombination(
Band2Band
SRH( DopingDep )
Avalanche(Eparallel)

Another useful model available in Sentaurus Device is the Oxide Charge model.
Physics models can be specified for particular device regions by inserting a separate
Physics section. Details of physics models available in Sentaurus device can be found in
the software user guide [39].

The Solve section of the syntax allows various processes such as solution of
Poisson’s equation which simply solves the device under steady state bias conditions.
The Quasistationary function ramps a parameter (such as bias voltage) from an initial
value to a final value in a series of steps and the device is solved for a steady state at each
point e.g. simulating the IV response of a transistor . The Transient function allows
simulation over time. The stepping conditions in each case are user defined. Sentaurus
Device solves each step by an iterative process and the limit to the number of iterations

IS, again, user defined.
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Viewing the Results:
The Inspect function can be used to create graphs (from *.plt files created by
Sentaurus Device). Any pair of data sets such as electrode voltages, currents, etc. can be

plotted.
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distribution.

An example of a 3D mesh structure and associated doping distribution is shown in
Figure 4.8: Visualization of a 3D mesh structure and associated doping

figure 4.8 [36].
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An example showing the doping profile of a 3D PMOS transistor with SiGe

source/drain pockets is shown in figure 4.9 [37].

Doping [cm-3]
. 2.7e+19
1.7e+16
1.0e+13
-4.0e+13
-6.5e+16
-1.1e+20

Figure 4.9: Doping profile of a 3D PMOS transistor with SiGe source/drain pockets.
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4.2.2 DEVICE SIMULATIONS

A conventional NAND Flash memory cell and the proposed cell were simulated
(using the Sentaurus TCAD tool suite by Synopsys®, Inc.). The physics models used have
been discussed earlier in this chapter. The 3D cell structures built for simulations of the

two devices are shown in figure 4.10.

DopingConcentratio
' 5.0E+20
5.0E+17
5.0E+14
- 2.7E+09
l—5.0E+I4
Sl Conventional Proposed

Figure 4.10: Conventional NAND Flash memory cell (left) as compared to the

proposed Flash memory cell (right).

It must be noted that the oxide layers in the conventional NAND Flash memory
cell structure shown in figure 4.9 have been displayed as non-visible. That has been done

for a better 3D representation of the cell, including the IPD and control gate wrapping
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around the floating gate and the source/drain regions. An equivalent 2D simulation
structure of the conventional NAND Flash memory cell with all layers included is shown

in figure 4.11 for reference.

Figure 4.11: 2D simulation structure of the conventional NAND Flash memory cell.

Since there will be no tunnel oxide degradation in the proposed cell caused by
Fowler-Nordheim tunneling during the program and erase operations, it can be expected
that the threshold voltage shift which occurs as a result of tunnel oxide degradation
(mainly charge trapping) should be totally eliminated. However, analogous to charge
trapping in the tunnel oxide of a conventional Flash memory, there will be charge
trapping in the polyoxide between the substrate and the pseudo wordline, due to the same
reasons there was charge trapping in the tunnel oxide. That, in turn, is expected to cause a

slight shift in the cell 7. In order for the proposed Flash memory cell design to be more

reliable as compared to the conventional Flash memory cell, the V. shift due to charge
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trapping in the polyoxide under the pseudo wordline must be smaller as compared to the
V. shift due to charge trapping in the tunnel oxide of a conventional Flash memory cell.
Figure 4.12 shows the shift in the I-V curve of the proposed Flash memory cell,
using different dielectric constants for IPD, for a constant trapped charge
(Qf = —5x10"C/cm? in this case) in the polyoxide as compared to a shift in the 1V
curve of the conventional Flash memory cell for various values of constant trapped

charge in the tunnel oxide (Qs=—5x10"C/cm®,—2x10%C/cm® ,—1x10%C [/ cm?).



= e proposed, ECT=33, K=20, @f=-5E12 in polyos
7| — proposed, EOT=33, K=20, no Qfin polyox
Ze-05 N v == proposed, EOT=130, k=51, Qf=-5E1Z in polyox
m roposed, EOT=130, K=3.1, no Qfin polyox

drain current (A)
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Figure 4.12: Shift in the I-V curve of (a) the proposed memory cell and (b) the

conventional memory cell caused by charge trapping.
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It can be seen from figure 4.8 that the shift in V. due to a trapped charge of

Q= —5x10"%C/cm? at the polyoxide interface (in the proposed cell) is less than 0.5V as
compared to the “failure to turn on’ caused by the same amount of trapped charge in the
tunnel oxide-Si interface (in the conventional cell). A failure to turn on occurs when the
cell threshold voltage exceeds the maximum allowed value (3V in this case) i.e. the cell
threshold voltage cell has reached the device specification limit.

Furthermore, it can be seen that the effect on cell threshold voltage of trapped
charge (Qs= —1x10™C/cm?) at the at the tunnel oxide-Si interface in the conventional
cell is twice as compared to the effect on cell threshold voltage of a five times higher
trapped charge (Qf= —5x10"C/cm?) at the polyoxide interface in the proposed cell.

In summary, the ¥V, shift caused by charge trapping in the proposed NAND Flash
memory cell is approximately 1000% less compared to the V. shift seen in the

conventional cell. That, according to the measured endurance characteristics of cells
fabricated in this work (presented later in this chapter), translates to an increase of over
two orders of magnitude in program/erase endurance. It can be deduced that, as compared
to conventional cells, the proposed cell design is 10 times more immune to charge
trapping and offers an over 200 times improvement in program/erase endurance. The

simulations results discussed above have been summarized in table 4.2.
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Table 4.2: Comparison of ¥, shift between conventional and proposed cell.

V+ Shift-Conventional Cell | V+ Shift-Proposed Cell

Qs = -5x10"%/cm? Failure to turn on <05V (+)
Q= -2 x10"%/cm? ~2V (+)
Qs = -1 x10%/cm? ~1V (+)

It can be expected that charge trapping in polyoxide will have some effect on

increasing ¢, as a result of the reduction in tunneling efficiency (just like charge

trapping in the tunnel oxide of a conventional cell). However, it must be noted that since
a polyoxide layer is being used to tunnel current to and from the floating gate in the
proposed cell instead of crystalline silicon oxide, the local field enhancement effect due
to polysilicon interface asperities (owed to the rough texture of the polysilicon surface)
allows considerable current levels can be attained at moderate average oxide fields, and
thus, moderate applied voltages [5,40]. In other words, the field at the injecting interface
in polyoxides is much larger than the average oxide field. This can be expected to offset
the reduction in tunneling efficiency caused by charge trapping. At the same time, the
need for a thin polyoxide layer becomes less stringent. From a reliability point of view,
this is an advantage since the oxides are not stressed at large fields during the program
and erase operations so that dielectric breakdown failures are avoided [5]. However, the
growth of textured polyoxides has to be carefully controlled in order to obtain the desired
interface features (shape and size of the asperities) that determine the injection current

and reliability characteristics.
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4.2.3 DESIGN CHALLENGES

Due to the reduced area of contact between the floating gate and the control gate
in the proposed NAND Flash memory cell as compared to the conventional cell, a
reduction in the gate coupling ratio (GCR) is expected.

Gate coupling ratio is the fraction of the applied voltage that is ‘seen’ by the

interpoly

where C. is the

interpoly

floating gate. Mathematically, gate coupling ratio is

total
capacitance of the dielectric between the control gate and the floating gate (IPD) and

C

o 15 the sum of all parasitic capacitances (discussed in detail in chapter 2) of the Flash
memory cell. Several techniques have been presented to extract the gate coupling ratios
from simple dc measurements. The most commonly used methods are 1) linear threshold
voltage technique, 2) subthreshold slope method, and 3) transconductance technique [12].
These techniques require the measurement of the electrical parameters in a memory cell
and in a “dummy” cell i.e. a device identical to the memory cell, but with floating and
control gates connected to each other. By comparing the results, the gate coupling
coefficient can be determined. Other methods have been proposed to extract the gate
coupling coefficients directly from the memory cell without using a “dummy” cell [41].
However, it must be noted that a polyoxide layer is being used to tunnel current to
and from the floating gate in the proposed cell instead of crystalline silicon oxide. The
local field enhancement effect due to polysilicon interface asperities (owed to the rough
texture of the polysilicon surface) allows considerable current levels can be attained at
moderate average oxide fields, and thus, moderate applied voltages [5,40]. In other

words, the field at the injecting interface in polyoxides is much larger than the average

oxide field. That means that the required injection efficiency can be achieved in the
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proposed NAND Flash memory cell at considerable lower voltages as compared to
conventional cells. In other words, the required injection efficiency can be achieved in
the proposed cell at a lower gate coupling ratio as compared to conventional cells and
therefore the reduction in gate coupling ratio is not a big concern.

The expected reduction in gate coupling ratio was confirmed by the simulation
results. It was observed that the gate coupling ratio of the proposed Flash memory cell,
with the pseudo wordline grounded, was 25% as compared to the gate coupling ratio of
60% in the conventional Flash memory cell. Figure 4.13 shows the difference in 1-V

curves of the two cells and the respective extracted gate coupling ratios.
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Figure 4.13: Comparison of gate coupling ratio between the conventional and the

proposed Flash memory cell.

There are several techniques that can be used to improve the gate coupling ratio of
the Flash memory cell. A simple solution to the problem is to reduce the thickness of the

dielectric between the control gate and the floating gate (IPD) and/or to use a dielectric
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material with a higher dielectric constant (« ). It has been demonstrated in a study
conducted by Mansouri et al. [42] that the gate coupling ratio of a floating gate cell is
significantly improved when the EOT (equivalent oxide thickness) of the IPD is reduced,

as shown in figure 4.14.
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Figure 4.14: Gate coupling ratio as a function of IPD EOT.

The proposed NAND Flash memory cell was simulated for IPDs with different of

x values to verify the expected increase in GCR when the dielectric constant is increased

and/or the EOT is reduced. Using an IPD with a dielectric constant of 20 (EOT:33;1)

resulted in a gate coupling ratio of 46% (as compared to a gate coupling ratio of 60% in

the conventional cell). Using an IPD with a dielectric constant of 35 (EOT:1921)

resulted in a gate coupling ratio of 57%. Figure 4.15 shows the 1V curves and respective
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calculated gate coupling ratios of the above mentioned combinations of IPD thicknesses

and dielectric constants.
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Figure 4.15: 1V curves and respective GCRs using various IPD thicknesses and

dielectric constants.

In order to further improve the gate coupling ratio without the need of an IPD
layer with a x value as high as 35, a technique that can be used is to float the pseudo
wordline during the read operation. It was observed that floating the pseudo wordline

during the read operation improved the gate coupling ratio substantially. Using an IPD

with a dielectric constant of 5.1 (EOT:13OIU4 , Which is the «/EOT of the IPD used in the

conventional cell) resulted in a gate coupling ratio of 43%. Using an IPD with a dielectric

constant of 20 (EOT=33 104) resulted in a gate coupling ratio of 59%, which is comparable
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to a GCR of 60% in the conventional cell. Figure 4.16 shows the IV curves and
respective gate coupling ratios of the proposed floating gate transistor using various IPD

thicknesses and dielectric constants while the pseudo wordline is floating.
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Figure 4.16: 1V curves and respective gate coupling ratios of the NAND Flash
memory cells using various IPD thicknesses and dielectric constants, with the

pseudo wordline floating.
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Overall, it was shown that reasonable gate coupling can be achieved in the
proposed cell. Also, since the need of a very high gate coupling ratio in the proposed cell
(due to local field enhancement effect of the polyoxide) is not as stringent as compared to
conventional cells, the issue of reduction in gate coupling ratio is not a big concern
during the program and erase operations.

A summary of the GCRs achieved using IPD films with various dielectric

constants is shown in table 4.3.

Table 4.3: GCRs achieved using IPD films with various dielectric constants.

IPD « Value GCR (%)
Conventional Cell 5.1 130 60
Proposed Cell (Pseudo 20 33 46
WL Grounded) 35 19 57
Proposed Cell (Pseudo 5.1 130 43
WL Floating) 20 33 59

The IPD film used in the conventional device is ONO (x=5.1 and breakdown
electric field ~7x10° V/cm). In order to achieve higher x values such as 20, either

Ta,0,—TiO, ( x =20 and breakdown electric field ~7x10° V/cm) or various
combinations of different high-«x dielectric materials such as HfO,, Al,0,, and ZrO,

can be used. The properties of compound dielectric materials ( x value, band gap energy,
etc.) are determined by the relative concentrations of the different dielectric materials in

the compound.
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High-dielectric-constant materials such as HfO,, A4/,0,, and ZrO, have been
extensively studied by researchers. 4/,0, exhibits a large band gap (~8.9eV), a large

conduction band offset of 2.8eV with respect to silicon, a dielectric constant (x) of 9-12,
high filed strength, and excellent thermal stability. On the other hand, HfO, exhibits a
high dielectric constant (x) of 25-30, a relatively smaller band gap of ~5.68eV, and
relatively low thermal stability (due to crystallization at high temperatures leading to
current leakage and breakdown) [43,44]. To take advantage of the large energy band gap
and thermal stability of 47,0, and the high dielectric constant of HfO,, a compound of

the two materials i.e. hafnium-aluminum-oxide ((HfO,).(Al,0,), .) can be used.

It has been shown that the « value, band gap energy, and hence, band offsets with

respect to silicon is proportional the relative concentrations of HfO, and 47,0, [43].

The dielectric constant and crystallinity of hafnium-aluminum-oxide can be controlled by

varying the relative concentrations of HfO, and 47,0, [43]. The relative concentrations
of HfO, and A4/,0, can be adjusted by varying the number of deposition cycles in the

atomic layer deposition (ALD) system. Overall, the hafnium-aluminum-oxide films show

higher x values as compared to 47,0, films and significantly improved leakage currents
and breakdown voltages as compared to HfO, films [43]. Hafnium-aluminum-oxide
films with 90% HfO, (and 10% Al,0,) have shown a x value of 19 [46]. At the same

time, zirconium-aluminum-oxide has been shown to have a xvalue between 11.84 and

20.96 [47].



104

Studies have been conducted showing that it is feasible to replace the
conventional IPD stack (ONO) in Flash memory cells by high-k materials such as
HfAIO and ZrAIlO, in order to significantly improve the gate coupling ratio of the

floating gate cell [42]. It was also observed in [42] that, as compared to ONO,

HfAIO and ZrAlO, had lower leakage current as a function of temperature, as shown in

figure 4.17.
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Figure 4.17: Temperature dependence of leakage current.
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Table 4.4 shows the relative dielectric constants ( ¢, ) and corresponding

breakdown electrics fields ( £,,,) of several typical dielectric materials [48].

Table 4.4: Relative dielectric constants and corresponding breakdown electric fields

of several typical dielectric materials.

E
Material & (1%% V/m)

SiO2 4 6
SiON 6 7
SIiON 6 7
Al203 8 5
Al2O3 8 8
SiaNg 8 6-8
SIAION 8 8-9
Y203 12 3-5
Y203 12 35
BaTiOa3 14 3.3
Smz03 15 2-4
Taz0s5-TiO2 20 7
BaTaz0g 22 35
Taz0s 23-25 153
PbNb20Og 41 15
TiO2 60 0.2
Sr(Zr,Ti)O3 100 3
SrTiO3 140 152
PbTiO3 150 05
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Another technique that can be used for improving the gate coupling ratio is to
wrap the CG around the open side of the FG. This will significantly increase the surface
area of contact and improve the gate coupling ratio. It must be noted that the conventional
NAND Flash memory cell uses the wrap-around technique for GCR improvement as
shown in figure 4.10. At the same time, recessing the control gate (CG) into the floating
gate (FG) will increase the surface area of contact between the CG and the FG and, in
turn, improve the gate coupling ratio.

In summary, the usage of high-k dielectrics such as Hf4IO_and ZrAlO_ as

interpoly dielectric in combination with recessing the control gate into the floating gate
and wrapping the control gate around the open side of the floating gate will provide a
reasonably high GCR ratio. It is possible that recessing the CG into the FG and wrapping
the CG around the open side of the FG may result in a sufficient GCR so that replacing

the existing interpoly dielectric with a high-k material might not be necessary.

4.2.4 POTENTIAL CONCERNS AND CORRESPONDING SOLUTIONS

A couple of potential concerns that might affect the performance of the proposed
NAND Flash memory cell are current crowding at the corner of the pseudo wordline and
reduced tunneling efficiency due to the smaller surface area of the polyoxide (as
compared to the surface area of the tunnel oxide in a conventional cell).

As can be seen in figure 4.18, in the originally proposed cell design, there is a
sharp corner at the edge of the pseudo wordline and the floating gate. This sharp corner

can potentially cause current crowding during the program and erase operations.
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Figure 4.18: The originally proposed NAND Flash memory cell has a sharp corner

between the pseudo wordline and the floating gate.

The surface area of contact between the pseudo wordline and the floating gate in
the proposed cell is smaller as compared to the surface area of contact between the
control gate and the floating gate in the conventional cell. This reduction in the surface
area of contact can be expected to cause some reduction in Fowler-Nordheim tunneling
efficiency during the program and erase operations.

The solution for the above mentioned concerns is to have a rounded edge between
the pseudo wordline and the floating gate and to increase the surface area of contact
between the pseudo wordline and the floating gate.

Rounding of the edge and increase in the surface area of contact are both achieved

by recessing the pseudo wordline into the floating gate as shown in figure 4.19.
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Figure 4.19: Pseudo wordline recessed into the floating gate in order to avoid

current crowding and improve tunneling efficiency.

As discussed before, a polyoxide layer is being used to tunnel current to and from
the floating gate in the proposed cell instead of crystalline silicon oxide. The local field
enhancement effect due to polysilicon interface asperities (owed to the rough texture of
the polysilicon surface) allows considerable current levels can be attained at moderate
average oxide fields, and thus, moderate applied voltages [5,40]. In other words, the field
at the injecting interface in polyoxides is much larger than the average oxide field. This,
in combination with an increased surface area of contact, is expected to further offset any
reduction in tunneling current density caused by the reduced area of contact. At the same
time, the need for a thin polyoxide layer becomes less stringent. From a reliability point
of view, this is an advantage since the oxides are not stressed at large fields during the

program and erase operations so that dielectric breakdown failures are avoided [5].
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Another potential concern with the proposed cell design could be current leakage
and/or insulation breakdown. The insulation between pseudo wordline and control gate
(labeled “insulation 1’ in figure 4.15) needs to be good enough to avoid any leakage
current and/or breakdown. An insulator with a fairly wide energy band gap such as

HfAIO ., ZrAlO,, or ONO might be considered. Since ONO serves well as an IPD layer

in the floating gate transistor, it can be expected to serve as a good insulator as well.

Figure 4.20 shows the high voltages materials such as Hf4/0_ and ZrA4/O_ can withstand

before breaking down [42].
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Figure 4.20: 1-V stress curves for various dielectric materials.
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Summary:

In this chapter, endurance characterization and analysis of fabricated MLC
NAND Flash memory devices was presented which reconfirmed the issue of limited
program/erase endurance and reliability of NAND Flash memory devices. A novel
NAND Flash memory cell design was proposed which eliminates tunnel oxide
degradation caused by Fowler-Nordheim tunneling and therefore improves the long-term
reliability and endurance of the NAND Flash memory cell. The structure and function of
the proposed cell were compared to conventional NAND Flash memory cells and
discussed in detail. Basic background information of the device simulation software used
in this work was then discussed. Device simulation results for conventional and proposed
cell designs were presented and analyzed showing that the proposed cell design is
superior to conventional NAND Flash memory cells in terms of endurance and reliability.
It was shown that the proposed cell design offers a more than 1000% reduction in
intrinsic threshold voltage shift caused by charge trapping which, according to the
measured endurance characteristics of cells fabricated in this work, translates to an
improvement of over two orders of magnitude in program/erase endurance. Some design
challenges and corresponding solutions were then discussed in this chapter. Finally, a
discussion about modifications that can be made to further improve the performance of

the proposed cell design was included in this chapter.
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CHAPTER 5: CONCLUSIONS AND SUGGESTIONS FOR FUTURE WORK

Conclusions

Low power consumption, virtually zero latency, extremely fast boot-up for OS
and applications, fast data access, small size, light weight, and high shock resistance are
some of many reasons for the rapidly increasing popularity and demand for Flash
memory as a high density, non-volatile memory storage solution for a variety of portable
electronics such as wireless phones, personal digital assistants (PDAS), portable music
players, keychain USB drives, digital cameras, and many other applications. Among the
two types of Flash memory i.e. NAND and NOR Flash, NAND Flash is the ideal choice
for a vast variety of popular consumer electronics due to its the fast program/erase times,
lower cost per bit, and small size as compared to NOR Flash.

However, long-term reliability and endurance is a major concern and a limiting
factor when it comes to the adaptation of NAND Flash as an alternative for cheap and
efficient memory. Tunnel oxide degradation caused by high field/current stress during
Fowler-Nordheim tunneling is the governing phenomenon that causes reliability and
endurance issues in NAND Flash memory cells.

In this work, endurance characterization of fabricated NAND Flash memory cells
and a detailed analysis has been conducted which reconfirmed the issue of limited
program/erase endurance and reliability of NAND Flash memory devices. Subsequently,
a novel cell design has been proposed which eliminates tunnel oxide degradation caused
by Fowler-Nordheim tunneling. The proposed cell design, as compared to conventional

cells, offers a significant improvement to the long-term reliability and endurance of
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NAND Flash memory cells. It has shown over 10 times more immunity to intrinsic
threshold voltage shift caused by charge trapping which translates to a greater than 200
times improvement in program/erase endurance, according to the measured endurance

characteristics of cells fabricated in this work.

Suggestions for future work

Although the reliability and endurance of NAND Flash memory cells has been an
area of interest for many researchers, there are still innumerable questions and concerns
yet to be addressed. Shortfalls in the current technology and design of NAND Flash
memory cells are issues warranting further research and development in this area. A few

recommendations for future research and development based on the present work are:

1. Additional simulations of the proposed cell with various combinations of suggested

improvements (wrapping the control gate around the open side of the floating gate,

recessing the control gate into the floating gate, recessing the pseudo wordline into the

floating gate, etc.) to find an optimum cell design.

2. Fabrication and testing of the proposed cell.

3. Detailed electrical characterization of the fabricated cell.

4. Study of various high « dielectrics and their feasibility for use as IPD films in Flash
memory devices.

5. Additional research work to better understand charge trapping in thin oxides and its
effects on the reliability and endurance of floating gate semiconductor memory

devices.
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