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The Investigation of a Novel Operating Method for
Two-Bit Split Gate SONOS Flash Memory

Student Chen-Han Chou AdvisobDr. Steve S. Chuin

Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University

ABSTRACT

In this thesis, a novel operating scheme has been proposed for 2-bit/cell split
gate SONOS. For a certain design-of split gate structure, source-side injection (SSI) is
usually used for programming and band-to-band hot hole injection (BTBHHI) is used
for erase. By using the conventional operating method of charge injection, the
interaction between the generated electron and hole pairs could cause the reliability
issue for bottom oxide. Stress induced leakage current (SILC) at the bottom oxide has
been discussed as a major reliability issue in flash memory. Among different erase
method, hot hole injection induced oxide degradation has been found to be most
serious condition. In thesis, we propose the new operating scheme to suppress the

oxide damage during erase.

First, the new timing diagram for novel operating scheme used the multi-cycle
pulse series to enhance the efficient of Program/Erase. For the programming method,
Forward bias assisted Electron Injection (FBEI), achieved by forward-bias assisted

electron injection, the new erase method, Forward Bias assisted Hot Hole Injection



(FBHHI), achieved by suitable forward-bias assisted hole generation were proposed.
A lower voltage operation and high speed operation can then be implemented in FBEI
program. For the erase, FBHHI can supply more holes and less time than BTBHHI in
the same operation condition. The results showed that the new operation schemes are

more reliable than conventional operation.

Finally, we used the specific split gate structure to analyze the charge profiling
of various program methods and second bit effect (SBE). And then, a 2 bit/cell
operation for split gate SONOS by using multi-cycle pulse series, in which better
performance and reliability can be achieved in comparison to conventional operation

scheme, e.g. SSI or BTBHHI etc.



Acknowledgements

M4 i s & Lk 23 0 AR FRATRITRE
L \m@a@fa#“%iﬁ,ww R SR TR e B
EF IR RER T ARESAFL 4 JF MR A FAAER

fr g -

BEHFAEE L R RAY P hme i 308 ASE S kil ¥
EHE A2 i s F R % FERF R SRFEE R £
TR EFATAREOP T EF I F APV A EY O FE G R EFRAY
2HRREL e AB ARG ﬂzﬁ%éqﬁ‘-%{’i’%)g\;iﬁi%w A PRl Ly e i
EEEL BRI FIFEIEACETRTI AP R FLRNTRT LS
R EF oo RAE S B E S FER S FEE - FaEs BT PET %
el REFE PN BN FRAT L 0 TS awig e E T g

EolfF- o R P e FlAF RP R AES EF T AR IR

A4

TRETF 5 AR EE o
¥ ¢F t‘Ll}L’l" Q}ég&j’%ﬁi‘?—} é._;'?lj‘zém]i—fr]isg I m«]»%p.l, ,«gj&k—gm ,j 45']‘4

Bofs &R HA RA P RPN E E A Lo 0 R B e
'ii\"‘h _1-_#? J

R S S R LR



Contents

Chinese Abstract e i
English Abstract — T I
Acknowledgements______ e iv
Content T T v
Table Caption T il
Figure Captions " e vii
Chapter 1INtrodUCTION. .. ... e e e e e e 1
1.1 The Motivation of thiS WOIK..........ccuiiiiiriit et e e et e e e e e e e 1
1.2 Organization of the ThESIS.........ivt i e e e e e 2
Chapter 2Device Fabrication and Equipment Setup........cccocciiiiinieiiieeiiinnnnn, 4.....
P22 S [ 1o o [F o3 1T o H N PP 4
2.2 Device FabriCatioNn. ... it . st e s b s e e et et e e e 4
2.3 Experimental SEtUP. ..ot .ottt e e i e 5....
2.4 Programming and Erasing SetUP. .. ..c it die it e 6..
2.5 Charge Pumping Measurement Technique Setup..........coveviiviiiiiiiiiiie e 7...
Chapter 3A Novel Operating Scheme and Properties of Split-Gate SONOS... 18
3.1 INErOTUCTION. .. cee e e e e e e et e e e et e e 18
3.2 Basic Mechanism and Optimized Bias Condition of Novel Operation Scheme.....18......
3.2.1 The Operating Mechanisms of FBEl and FBHHI...............cccocooiinane . 18..
3.2.2 Optimized Wgh and Mow Of FBEI program..............ccoovviiiiiiiiii i, 19
3.2.3 Optimized W ow Of FBHHI Erase..........coooiiiiiiii i 20
3.2.4 Program/Erase Transient for Different Modes of Operation................... 20..
3.3 Reliability for Non-Cycled Split-Gate SONOS..........coiiiiiiii i e 20
3.3.1 Operating Mode of P-N+ Diode.........ccooeniiiiiiiii e 21
3.3.2 The Comparison with FBHHI and BTBHHI Erase................cooeviiinnnn 21.
3.3.3 Reliability for FBHHI.........oo i e, 22



Chapter 4The Monitoring of Stored Chges and Oxide Traps in a Pla

SON S o 34
v R | 1 To 18 o 1 o o H PP 34
4.2 Principle of Charge Profile by Charge Pumping Method.....................coco. 34..
4.2.1 Principle of Charge Pumping Method...........ccooi i,
4.2.2 Fixed Base Charge Pumping Method............coooiiiiiiiiii i e
4.2.3 Fixed Top Charge Pumping Method...........ccoo i e
4.3 The Monitoring of Stored Charges fora Cycled Cell............cooooiii i, 37.
4.3.1 The Correlation Between Stored Charges anid FV, CP Method............... 37
4.3.2 Derivation of the Area Parameter.............ooii i e 38
4.3.3 The Correlation Between Stored Charges and Area Parameter....................
4.4 Experimental Results and DiSCUSSIONM .. . . it i ettt e e e e
4.4.1 The Basic Operation Conditions.of Different Operating Schemes............ 40..
4.4.2 The Experiment Results of fF@P method 41

Chapter 5Reliability Analysis of Two Bit per Cell Operation Split-Gate SONO3

Y0 M [ a1 (o To [FTox 1o o TRUU g T PP PRRT 53
5.2 The Basic Electrical Characteristic in Split-Gate SONOS.............covviiiiieennn. 54..
5.3 Basic Characteristics on the Programming Cells..............oo i
5.3.1 Results on the One-Bit Programming Cells.............cooooii i,
5.3.2 Applications to Two-Bit Programming Cells.............ccooiiiiiiiiiii e 56
Chapter 6 Summary and Conclusion.............oiiiiiiii i e 72
REIEIENCES... ... e e e 74

Vi

34
36
36

54
55



Table Caption

Table 4.1The basic operation conditions of planar SONOS.

v

\ Teo6

Vii



Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Figure Captions

2.1 The schematic diagram illustrating of forming the dual-bit split-gate SONOS.

2.2 (a) The SEM image and (b) the simulation structure of the dual-bit split-gate SONOS.

2.3 The experimental setup of the current-voltage and the transient characteristics measurement.
An automatic controlled characterization system is setup based on the PC controlled
instrument environment.

2.4 (a) The operation scheme and (b) timing diagram for CHEI program.

2.5 (a) The operation scheme and (b) timing diagram for BTBHHI erase.

2.6 (a) The operation scheme and (b) timing diagram for FBEI program

2.7 (a) The operation scheme and (b) timing diagram for FBHHI erase.

2.8 The operation scheme for charge pumping with (a) fixed base pulse measurement and (b)

fixed top sketch.
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Fig.

3.1 (a)The conventional unit-cycle pulse series for CHEI or BTBHHI.
(b)The multi-cycle pulse series for FBEI or FBHHI .

3.2 The operation scheme and timing diagram for (a) FBEI program and (b) FBHHI erase. The
FBEI pulse series were combined with the same pulse width, but the FBHHI series used a
varying pulse width.

3.3 The characteristics of FBEI as a function @fij.

3.4 (a) The characteristics of FBEI as a function g -

(b) The characteristics of FBEI as a function gf V

3.5 The characteristics of FBHHI as a function ¢f 4.

3.6 The programming transient of SSI and FBEI programs for split-gate SONOS with
multi-level cell application.

3.7 The erasing transient of BTBHHI and FBHHI erases for split-gate SONOS with multi-level
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application.

Fig. 3.8 Two different modes of measurement for split-gate SONOS.

Fig. 3.9 By using multi-cycle pulse series, it only used a half of operating time to be stressed at high
voltage and remaining time be stressed at low voltage.

Fig. 3.10The mechanism of multi-cycle pulse series operation. The generation of carrier is far away
from the channel and reduces the oxide degradation.

Fig. 3.11The value of leakage current and threshold voltageat2¥, even if it is until a thousand

seconds.
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Fig. 4.1 (a) The \ profile in a programmed-nitride storage memory cell.

(b) llustration of {, curves versus ybefore and after the programming.

Fig. 4.2 (a) The \ profile in a programmed nitride storage memory cell.

(b) Nustration of &, curves versuspbefore and after programming

Fig. 4.3 The schematic FVb charge-pumping current curves related to the trapping charges and
interface traps for a planar SONOS

Fig. 4.4 The difference ofdpqcurves for fresh state and one time program state in a planar SONOS.
The area 4 in the shade region represents the total stored electrons in the nitride after the
first time programming

Fig. 4.5 The endurance for planar SONOS with different operation combinations.

Fig. 4.6 The kpg versus Veu for a planar SONOS with (a) CHEI/BTBHHI cycle and (b)
FBEI/BTBHHI cycle during different cycling times by using fix base charge-pumping
method.

Fig. 4.7 The kpg versus Vcu for a planar SONOS with (a) CHEI/FBHHI cycle and (b)
FBEI/FBHHI cycle during different cycling times by using fix base charge-pumping

method.



Fig. 4.8 TheAA/Ao versus P/E cycle with four operating combinations

Fig. 4.9TheAlcp matlcpomaxversus P/E cycle with four operating combinations.
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and SSI/FBHHI combinations.
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Chapter 1

| ntroduction

1.1 TheMotivation of ThisWork

In charge-trapping devices, such as SONOS memory, 2-bit per cell operation
becomes the basic requirement of a flash memory, which is also a popular solution for
the cell scaling. So far, many unigue gate structure cells [1][2] have been proposed to
improve the non-volatile memory (NVM) performance based on the operation scheme
approach. For the specific split ‘gate structure [3], in most cases, the cell is
programmed by channel hot electron (CHE) or source-side injection (SSI) [1], while
erase is achieved by band-to-band hot hole injection (BTBHHI) [4]. Based on a
forward-bias assisted electron injection (FBEI) scheme that our group developed in
[5], where a low voltage, high speed program, and excellent data retention could be
achieved. From various erase mechanisms, a major reliability issue in flash memory is
the hot hole injection induced oxide degradation [6]. The positive charge-assisted
tunneling (PACT) was found to be a dominant stress induced leakage current (SILC)
mechanism in HH stress [7]. An efficient erase method forward-bias assisted hot hole
injection (FBHHI) was then developed to improve the BTBHHI erase scheme by
using the suitable forward bias in drain/substrate p-n+ diode. As a consequence, the
experimental result was demonstrated that FBHHI erase can suppress the oxide

damage.

The charge distribution profiling in charge-trapping memory have been studied

by various methods of charge-pumping [8][9]. They were used to investigate the

1



charge profiling of the dielectric layer with only program or erase condition.
Nevertheless, it becomes more inaccurate after P/E cycles. In a fixed voltage base
(FVb) charge pumping method, by further improving the method in [10], the
hole-electron misalignment and oxide degradation of operation after P/E cycling can
be further understood. Therefore, we can easily distinguish the residue charge of the

dielectric layer under different program/erase combinations.

In this thesis, we used the specific split gate structure to study the charge
distribution with various program methods and the second bit effect (SBE). And then,
the new operation schemes for program/erase which are applicable for 2 bit/cell
operation has been discussed. The degradation of bottom oxide can be suppressed in
comparison to conventional.operation scheme by using the multi-cycle pulse approach.

Finally, we will draw a conclusion of the thesis.

1.2 Organization of the Thesis

The organization of this thesis consists of six chapters. After a brief introduction
in Chapter 1, we will introduce the experimental devices and experimental setup in
Chapter 2, which includes the operating schemes, program and erase, and the
measuring method of charge pumping. In Chapter 3, we will introduce the
mechanisms of FBEI and FBHHI and we will compare the performance and reliability
with different program/erase schemes. In Chapter 4, we will explain the phenomenon
of charge-pumping method in planar SONOS devices, which led to a development of
a new monitor, defined as A. As a consequence, we will study the different operation
combinations with this new parameter area A. In Chapter 5, we will focus on the

second bit effect in split gate SONOS and the endurance and the retention of two bit



operation in different pulse series type will be discussed. Finally, the summary will be

presented in Chapter 6.



Chapter 2
Device Fabrication and Equipment Setup

2.1 Introduction

This chapter is divided into four sections. First of all, both split-gate SONOS and
the conventional SONOS cells used in this study will be described. Second, the
instruments setup and the experimental techniques to accurately control these
instruments are illustrated. Third, we will discuss the new programming and erasing
schemes of these cells. Finally, charge pumping measurement technique setup used in

this study will be demonstrated.

2.2 Device Fabrication

Figure 2.1is the schematic diagram- illustrating the fabrmatiof split-gate
SONOS. As shown in Fig. 2.1(a substrate is provided, and a P well is formettien
substrate. Then, a plurality of control gate structure is formed on the P well. Each
control-gate structure from bottom to top includes a gate insulating layer, a control
gate oxide (65A), and a cap nitride layer. As showirim 2.1(b) a silicon oxide
layer (not shown), a nitride layer (not shown) is deposited on the substrate and control
gate structure, and an etching back process is then performed to form a plurality of
sacrificial spacers alongside each control gate structure. Meanwhile, a plurality of
opening is formed between any two adjacent sacrificial spacers to expose the P well.
Afterward, an implantation process is performed via each opening to form a plurality
of N doped regions, serving as buried bit line, in the P well. As showmir?.1(c)

the sacrificial spacers alongside each control gate structure are removed. Then, a



composite dielectric layer is formed on the P well, the control-gate structure, and the
N doped regions. In this embodiment, the composite dielectric layer is an ONO
tri-layer dielectric including a bottom oxide layer (60A), a nitride layer (90A), and a
top oxide layer (90A). As shown iffig. 2.1(d) a conductive layer is entirely
deposited on the composite dielectric layer, and a photolithography and etching
process is performed to define a plurality of parallel word line, which are
perpendicular to the control-gate structure, as shown in Fig. 414k)The SEM
image and the 2D-TCAD simulation structure of dual-bit split-gate SONOS are
shown inFig. 2.2 (a)andFig. 2.2 (b) The gate width is 0.2um, and the channel length

is 0.18um under control-gate and three different word gate lengih) (&plits

(0.13um, 0.12um, 0.10um) under the word-gate.

The conventional SONOS cell used in this study is first grown by thermal
oxidation with thicknesses of 50 A. Next, a layer of 60 A LPCVD nitride film is
grown. Finally, the LPCVD -blocking oxide-is ‘grown with thickness of 50 A.

(W/L=0.7/0.26 um)

2.3 Equipment Setup

The experimental setup for the I-V and transient characteristics measurement of
SONOS is illustrated ifrig. 2.3. Based on the PC controlled instrument environment
via HP-IB (GP-IB, IEEE-488 Standard) interface, the complicated and long-term
characterization procedures during analyzing the intrinsic and degradation behaviors
in SONOS cells can be easily achieved. As showhian 2.3, the characterization
apparatus with semiconductor parameter analyzer (HP 4156C), dual channels pulse

generator (HP 8110A), low leakage switch mainframe (HP E5250A), and a probe

5



station provides an adequate capability for measuring the device |-V characteristics

and executing the SONOS cell program/erase operation.

Source-monitor units (SMU) and provided the high current resolutionteA10
range facilitates the gate current measurement, sub-threshold characteristics extraction,
and the saturation drain current measurement. The HP E5250A equipped with a
10-input (6 SMU ports and 4 AUX ports) x 12-output switching matrix, switches the
signals from the HP 4156C and the HP 8110A to device under test (DUT) in probe
station, automatically. In addition, the HT-Basic are used as the program languages to

achieve the personal computer (PC) control of these measurement instruments.

2.4 Programming and Erasing Setup

The general programming and erasing schemes for the conventional SONOS are
Channel Hot Electron Injection (CHEI) and-Band-to-Band Tunneling Hot Hole
Injection (BBTHHI). For CHEI programming, source and substrate are grounded,
while gate and drain are connected to the pulse generator as shown in Fig.Thé (a)
pulse timing diagram for both gate and drain are showrdr2.4 (b) For BBTHHI
erasing, substrate is grounded, and gate and drain are connected to the pulse generator
just like CHEI, but keeps bulk floating this time as shown in Fig. 2.5T{a@ pulse
timing diagram for both gate and drain are shownFig.2.5 (b) The novel
programming scheme and erasing scheme for the split gate SONOS are Forward Bias
assisted Electron Injection (FBEI) and Forward Bias assisted Hot Hole Injection
(FBHHI). For FBEI programming, source is floating and substrate is ground, while
gate and drain are connected to the pulse generator as shbwnart (a)The pulse

timing diagram for both gate and drain are showhii 2.6 (b) For FBHHI, source
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is floating and gate is grounded, while gate and substrate are connected to the pulse
generator as shown Fig. 2.7 (a) The pulse timing diagram for both gate and drain
are shown inFig.2.7 (b) The operation mechanism and relevant measurenient o

FBHHI will be discussed after this chapter.

Dual-bit split-gate SONOS operates as conventional does, but adding a
control-gate bias in the middle of the cell. The control-gate keeps a small constant
bias for programming, while floating for erasing. And the other terminals are just the

same as conventional operation.

2.5 Char ge Pumping M easurement Technique Setup

The charge pumping.measurement technique setup is shown in Fig. 2.6, which
we called fixed based charge pumping, but with minor difference from the traditional
one. The pulse generator is connected to the gate, and with the substrate and drain
connecting to the HP4156C, while source is kept floafingy. 2.8 (a)shows the pulse
series type sending out from the pulse generator used by this setup. By using this
setup, we can measure the charge pumping current from drain. If one wants to
measure the charge pumping from drain (/source), we should connect the HP4156C
with them and open the source (/drain) to get the information of the charge pumping
current. The second scheme for charge pumping measurement technique setup is
shown inFig. 2.8 once again. However, the pulse series type igeatifféhis time. As
shown inFig. 2.8 (b) we used likely the traditional fixed top chargarming pulse

series to do our measurement.



(b)

Fig. 21 The schematic diagram illustrating of forming the dual-bit split-gate
SONOS.



(d)

Fig. 2.1 The schematic diagram illustrating of forming the dual-bit split-gate
SONOS.



(€)

Fig. 2.1 The schematic diagram illustrating of forming the dual-bit split-gate
SONOS.
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Fig. 2.3 The experimental setup of the current-voltage and the transient
characteristics measurement. An automatic controlled characterization
system is setup based on the PC controlled instrument environment.
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Fig. 2.4 (a) The operation scheme and (b) timing diagram for CHEI program.
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Fig. 2.5 (a) The operation scheme and (b) timing diagram for BTBHHI erase.
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Fig. 2.6 (a) The operation scheme and (b) timing diagram for FBEI program.
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Fig. 2.8 The operation scheme for charge pumping with (a) fixed base pulse series
measurement and (b) fixed top sketch.
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Chapter 3
A Novel Operating Scheme and Properties of
Split-Gate SONOS

3.1 Introduction

In chapter 3, we will propose a new mode of pulse operation to compete with
the conventional operation scheme in split-gate SONOS. A novel operation concept
used the multi-cycle pulse series and suitable forward-bias to enhance the efficiency
of program/erase. Finally, several-cell reliability issues by using the new operation
scheme, such as forward-bias current disturbance, transient, endurance, and stress

induced leakage current will be discuss in this chapter.

3.2 Basic M echanism and Optimized Bias Condition of the

Novel Operation Scheme

3.2.1 The Operating Mechanisms of FBEI and FBHHI

First, two modes of pulse operation are showhiin 3.1, in whichFig. 3.1(a)
shows the typical unit-pulse for conventional operascheme, e.g., SSI or BTBHHI
etc., andrig. 3.1(b)shows a multi-cycle pulse series for new operasicmeme, e.g.,

FBEI or FBHHI. InFig. 3.1(b) the drain voltage was negative in 0 state, in tvhic
p-n+ diode was forward-biased to generate lots of carriers for increasing operating

speed. Based on this idea, Fij2(a)is used for the FBEI program, source was

18



floating, during emitting phasei,Tthe drain/bulk was forward biased and electrons
were injected into the bulk. Subsequently, attfie junction was reverse biased which
will cause the previously injected electrons in the bulk to be accelerated across the

depletion region and injected into the gate oxide.

FBHHI erase is shown ifig. 3.2(b) substrate was grounded, while gate and
drain bias used multi-cycle pulse series. Erase speed decays, for the pulse structure in
Fig. 3.2(a) due to the trapping holes at the bottom oxide Wwiéads to a decreasing
FN field. The different emitting time ;Tcan compensate the degradation of erase
speed. During 1, a large number of holes were injected into the drain side. Above all,
we will get higher density of holes to enhance erase speed and keep the better quality

of bottom oxide than that of. BTBHHI erase (will-be.discussed in the next chapter).

3.2.2 Optimized Vg, and V,q, of FBEL Program

Figure 3.3 shows the characteristics of FBEI as a functiovV g, for a
Vs=6.5V. We found that thAVth have a peak value at\W,= -2V and it will not be
increased even if it is less than -2V. A suitable forward-bias is used to generate
programming electron rather than to accelerate electron speed.4(a)shows that
a Vpigh of over 5.5V is required for optimized injection voltage, due to the fact that
hot electrons must surmount th&c of the Si/SiQinterface (~3.1eV). The threshold
voltage shift decreases when the voltage is over 5.5V, since the lateral electric field is
larger than the vertical electric field. In Fig. 3.4(the AVth was increased with
raising . By using these optimized voltages, we can achieve an efficient operation

condition. The other variables for FBEI program were reported in [5].
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3.2.3 Optimized Vp, o Of FBHHI Erase

Figure 3.5 shows the characteristics of FBHHI as a functidfmef,. The shift
in the threshold voltage was saturated against increases in the forward-bias. Because
the holes accumulated in the n+ drain will be recombined with electrons. Therefore, it
is no useful by adding too large forward-bias at p-n+ diode and larger forward current

will cause lots of reliability issues [12].

3.2.4 Program/Erase Transient for Different Modes of Operation

The programming speed of. SSI and \FBEI are compareéign 3.6, which
reveals that the new scheme, FBEI, achieving a faster programming speed and low
voltage. InFig. 3.7, it shows the most noticeable result in that theeespeed was
greatly increased whennyy, Of drain voltage are 4V and 5V, respectively, and the low
voltage of \b was set at -2V We understood that the larggg,\of drain voltage
made more serious band bending to generate lots of band-to-band tunneling hot holes
[4]. From the result of erase transient, we can estimate that the number of erasing hole
by using forward-bias -2V at p-n+ diode is larger than that by using reverse-bias drain
voltage 4V and 5V and are comparable when the drain diode is reverse-biased at 6V.
Generally, it induces lots of hot holes by using a slight forward-bias, even ifie V
is too low. We know the large reverse-bias will stress the PN junction and a huge
current also made the problem of circuit design and junction breakdown [13]. In the

next section, we will discuss the reliability issue of FBHHI and BTBHHI erase.

3.3 Reliability for Non-Cycled Split-Gate SONOS
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3.3.1 Operating Mode of P-N+ Diode

Figure 3.8 shows two different modes of measurement scal¢heOleft hand
side ofFig. 3.8, the drain current as a function of the negatiaendroltage for the
Ve= 0V and \h was varied from OV to -3V. This bias condition was be used to realize
the current of T phase in FBHHI erase and we g@i=13.15 uA, while the
forward-bias is -2V. In contrast, the right hand sid€igf 3.8shows the drain current
of T, phase which is a function of the positive drain current apav&s swept from
0V to 6V, the bias condition is equal to BTBHHI erase. Théslonly near 10 nA
even if \b= 6V, so we can compare the currents from different operating modes to

feel the benefits of FBHHI.

3.3.2 The Comparison with FBHHI and BTBHHI Erase

We have known that FBHHI has a better erase speed and enough erasing holes
even if at low drain bias. By using multi-cycle pulse series, it only used a half of erase
time (Fig. 3.9) to stress high voltage on the cell and remairnimg ts be used to
generate the operating carriers. As a consequence, multi-cycle pulse series can
enhance the operating speed and reduce the stress time because the mechanism of
generated carriers iRig. 3.10 are far away from the SISi interface while we
forward-bias the current at p-n+ diode. At fhase of FBHHI, we set the drain and
gate voltages equal to BTBHHI erase, then it is easy to compare the results with two
kinds of pulse series. Above all, we have successfully achieved that hole stress time
be decreased while keeping a better erase efficiency. Therefore, we will discuss the

forward-bias condition correspond with some reliability issue.
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3.3.3 Reliability for FBHHI

A large drain current will induce some problems about junction leakage or
breakdown, butFig. 3.11 will solve the concern about forward-bias currgvi.
attempted to stress device under a long-term forward mode on the p-n+ diode. The
result in Fig. 3.11 exhibits the stable value of leakage current and threshold voltage at
Vp= -2V, even if it is until a thousand seconds. Generally, a suitable diode current will
not destroy the implant p-n+ junction and will not cause an increase of the leakage
current through the diode. In other words, threshold voltage was not disturbed while

the drain voltage is negative and the storage node was not be erasptiagel

In chapter 4, we will discuss the oxide degradation and interface traps under
different erase conditions. It shows that FBHHHI erase can reduce the oxide decay. In
[14], the positive oxide charge assisted tunneling was dominated to be a serious SILC
in a hot hole stressed cell. We estimated the ‘hegative bigsphia$e can annihilate

the positive oxide charge at the bottom oxide and reduce the SILC.[15]
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Fig. 3.1 (a) The conventional unit-cycle pulse series for CHEI or BTBHHI.

(b) The multi-cycle pulse series for FBEI or FBHHI.
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Fig. 3.2 The operation scheme and timing diagram for (a) FBEI program and (b)
FBHHI erase. The FBEI pulse series were combined with the same pulse
width, but the FBHHI series used a varying pulse width.

24



14

0.6

Threshold voltage shift, AV, (V)
o

o
~

o
o

V, hon=4-9V,V _=6.5V

D,high

Period=1us
Pulse width=10ns
Tr=Tf=10ns

| L | L ! L | " | L | L |

-3.0 -2.5 -2.0 -15 -1.0 -0.5 0.0

VD,Iow (V)

Fig. 3.3 The characteristics of FBEI as a function ¢fid

25




2.0

\>,£ L8[\
. | " D,low
31 1.6
£ 14}
@
o 12p
g 10k
© B )
> 0.8 Period=1us
E 061 Pulse width=10ns
¢ 04r T =T =10ns
r f
= 02}
|_ 00 1 1 1 1 1 1 1 1 1 1 1 1 1
' 3.0 3.5 4.0 4.5 5.0 5.5 6.0
VD,high (V)
22t
> L = - =
=20l VD,Iow 2V’VD,high 2.9V
SE 2.
q L
£ 18}
c L
wn
o 16+
(@) |
©
= 14t
; 12- Period=1us
E T Pulse width=10ns
(7] - —_ —_
g 1-0_ Tr—Tf—lons
E 08 1 ) 1 ) 1 ) 1 ) 1 ) 1
' 5.0 5.5 6.0 6.5 7.0 7.5
Ve (V)

(b)

Fig. 3.4 (a) The characteristics of FBEI as a function gfiyh

(b) The characteristics of FBEI as a function ef V

26



2.4

2.0
1.8
1.6
1.4

1.0
0.8
0.6

Threshold voltage shift,AVin (V)

22|

1.2}

SV

—=—FBHHI V_=6V,V

D,high

Period=0.1ms
Pulse width=0.1us~10us
Tr:Tf:10ns

Fig. 3.5 The characteristics of FBHHI as a function ¢f 3

27




Threshold voltage shift,AVth(V)

6.0

5.5 1+ FBEI Vg=6.5V FBELV_ /N _=-2/55V

D,low " D,high

5.0F-O— FBEIVg=75V SSLV_ N =0/55V

ow  D,high

45T A FBEI V=85V
4.0

35 ¥ SSIV =85V
30F ® SSIVg=9.5V

25" @ SSIV.=10.5
20

15}
1.0 Dependence of Vth
gg - shift on pulse count

5 [ el il v il il el vl
1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 001 01 1
Program Time (S)
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split-gate SONOS with multi-level cell application.
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Fig. 3.9 By using multi-cycle pulse series, it only used a half of operating time to
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Chapter 4
The Monitoring of Sored Chargesand Oxide
Trapsin a Planar SONOS

4.1 Introduction

In this chapter, we will discuss the different operation combinations in a planar
SONOS and analyze the reliability issue for a P/E cycling device using different
operating schemes. We will use the_ charge-pumping techniques to detect the
misalignment between the distribution of electrons and holes. The charge distribution
profiling in charge-trapping memoryhave been studied by various methods of
charge-pumping [8][9], but it became more inaccurate after P/E cycles. We will
propose a monitor to understand the hole-electron misalignment and degradation of

operation. [10]

4.2 Principle of Charge Profile by Charge Pumping Method

4.2.1 Principle of Charge Pumping Method

The charge pumping method has been widely used for hot-carrier-related
reliability characterization in MOSFETs. During a typical charge pumping
measurement, a pulse string is applied to the gate terminal of a MOSFET while the
substrate current (commonly called the “charge pumping current”) is monitored.

Since this current is a result of the recombination of majority carriers (coming from
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the substrate when the gate is biased between flat-band and accumulation) with the
trapped minority carriers at the interface (coming from the source/drain when the gate
is biased to inversion), to first order the charge pumping currghis(lnonzero only

if the high level () and the base level (Y of the gate pulses cover both the

threshold voltage (Y and the flat-band voltage Y [8][16].

Unlike the conventional charge pumping (CP) method, the other two basic ways
of charge pumping test to obtain the profile are demonstrated. First one is the fixed
base CP (fixed base level and varying the top level) method with one side of drain (or
source) floating and the other one is the fixed top CP (fixed top level and varying the
base level) method with also oneside of drain (or source) floating, which are defined

as F\{, and FV, respectively.

In FV, CP method, the setup is‘'shown in Fig. 2.8ifaghapter 2, the gate is
applied with a pulse string, as shownHiy. 2.8 (a) and the d, can be measured from
drain or source side with source or drain floating respectively. When measuring the
charge pumping currendyls from the drain side, the minority carrier only contributed
from the drain side and vice versa with sl Therefore, we can obtain more precise
information about the drain and source side frgm &nd Ly s By combining these
two currents, we can profile the asymmetricab\ng the channel for both virgin and
programmed cells [9][18]. In RMCP method, the setup and gate pulse are shown in
Fig. 2.8(b) The equipment setup is similar to F¥P method instead of the gate pulse

string which is fixed on a constant level upon the threshold voltage.
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4.2.2 Fixed Base Charge Pumping Method

Figure 4.1 (a)llustrates the Vprofile of a programmed nitride storage memory
cell, which contains a narrow; Yyeak near the drain side. Four regions are marked in
this figure, and they are consistent with thecurve tested from RYCP method in
Fig. 4.1 (b) Fig. 4.1 (b)corresponds to the drain or source junction aréagn4.1 (a)

After the programming, localized trapped charges enhance the threshold voltage near
drain side, which forms the asymmetricalpvofile in Fig. 4.1 (a) Therefore, thec g

and Ly s curves can be shifted toward the right, which corresponds to the regions B
and C inFig. 4.1 (b) The difference between curves B and C indicateddbation

and profile of the injected charges. As). 4.1 (b)shows, the injection is closer to the
drain side. It needs to be pointed out thgtkkeeps shifting rightward in region D,
indicating a \{ peak here. Moreovergplyand tysoverlap in this region, which means

the minority carrier coming from drain or source is passing through the peak region
under the channel. For this-reason, the equivalent interface traps are sensed and
contribute the sameplg and ks Thus, in F\§ CP method, data obtained in region D
cannot be used to extract the exact profile ¢firvlarge current region. We can,

however, extract the accurate location using this method.

4.2.3 Fixed Top Charge Pumping Method

On the other hand, the equipment setup is similar to ¥ method instead of
the gate pulse string which is fixed on a constant level upon the threshold voltage. In
contrast, thech curve shift caused by the; Yeak, takes place in the low current
region and has higher precision in F&P methodFig. 4.2 (a)illustrates {, test with

FV; CP method in logarithmic scale. Correspondently, region B, C and D in Fig. 4.2 (a)
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and Fig. 4.1 (bjalso can be seen hereig, in region D can be used to extract the
accurate profile of narrow {\\peak due to its low testing current. Howevey,i¥ set
larger than the highest;\along the whole channel, angl turrent tested from drain
and source are identical. F'€P method can only extract the width and value of

narrow \f peak but cannot be used to identify the location.

4.3 The Monitoring of Stored Chargesfor a Cycled Cell

4.3.1 The Correlation Between Sored Charges and Icp in FV, CP
M ethod

Figure 4.3 shows the-charge-pumping current measurement tatifigethe
trapping charges and oxide traps with the source side floating in a planar SONOS. The
curve in kp plot (Fig. 4.3) shows the existence of injected hol&kH}), injected
electronsfilcpd, and oxide trapsMceni)in-dielectric layer after P/E cycles. The
charge distribution profiling can be found by calculating the correlation between the
injected charges andd curve deviation [19][20]. These profiling methods can not be
used to investigate the residue charges in P/E cycling device while they used the other

measurement methods, e.g. GIDd-Mg etc., in [21][22].

We will propose a new concept to investigate the complex stored charges
condition. In F\4 CP method, the cyclingd curve apparently deviates from fregh |
curve as a result of the injected charges. The curve shift presented the amount of the
charge in the nitride or oxide. Finally, we used a new area parameter A to discuss the

total charges of dielectric layer and compared the different operation combinations.
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4.3.2 Derivation of the Area Parameter

Figure 4.4shows the difference og4curve at fresh state and one time program

state in a planar SONOS. The aregi\the shaded region represents the total stored

electrons in the nitride while the device was only programmed once. The area Ao was

compared with the fresh statg(fresh) and one time program statg(1@pro).

Vi (Icp max )

A = H'cp (fresh )— 1., (1@ pro)ldV, (1)

In [10], equations used in Mo calculate the NgX) versus x curve are as

follows:

X = LICP (\/h)/ ICPo,MAX )

e 1 dAls dv; -
©gfWedV, o dX

where q is electron charge, f is the frequency of the pulse, W is the effective channel

width, L is channel length, and\NM(x) is the trapping electrons density in the nitride.
From these equations, we can derive the total charggsi@nitride by integrating

the Ny «X) from O to L. Comparing (2) and (3), we can derive

ICP,MAX

L
L
Quar = [Nue(dx=—— [Ny (lc)dlcs g
0 0

CPo,MAX
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The trapped electron densityMXx) is then calculated using the, 8hift AVy(Icp)

[10] ; that is

— Cox CnAVi (I cp)
® (Cox tCy)1 ©

Ny

This means that the trapping charges were stored near thHSIgy interface.

Then, the total charge can be given by:

ICP, MAX
Qo = L CoxCuAVi (I cp) di
ro,total

lepawax o (Cox *Cy)A -
V(I cp vax)
L ’ C
- j b , Al cp(Vp)dV, ©)
lepamax o (Cox TGV

Then, we have the total charges in the nitride:

Vh(lep max)

Qua = [ Al e (Vi)aV, )
0

Finally, we can use the equation (7) to estimate the number of stored charges in
the nitride with an area parameter A while the cell is at the one time programming

state or any P/E cycled state.

Vi (Iep max)

Qrogume=A =  [[ls (fresh)=1g, A@proly, )

Vi (lep max )

Quewy A= [ [Ip(fre)-lp(odeldV,

0
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4.3.3 The Correlation Between Sored Charges and Area Parameter

First, it was known that the area parameter is related to the stored charges during
any cycled state. The,Avas a basic parameter to compare the A(cycles) at any P/E
cycled stateFig. 4.3 shows that the injected holes, (INraise up thede curve and
decrease the value of A(cycles) in equation (9) while gHeycle) increased. On the
other hand, the injected electrons will suppressdpeurve and increase the value of
A(cycles). InFig. 4.3,ANox it presents the increase of the oxide traps in term of P/E
cycles and it will increase the value afpliax When the oxide was degraded.

Generally, we may draw a relationship. i.e.,

AA = A(cycles) - A,
(1 Nyo []
A, 1S }{\IN,h %Nox,it (10)

From which we can utilize th&aA/A; to analyze the condition of hole-electron

misalignment under different operating schemes and the erasing efficiency of

BTBHHI and FBHHI schemes.

4.4 Experimental Results and Discussion

44.1 The Basic Operation Conditions of Different Operating

Schemes

Table 4.1 is a combination of different program/erase schamethe applied
biases in a planar SONOS. For program, we used the samand \bnigh and

programming time to emphasize the different pulse series mode in operating scheme.
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For erase, we keep the same window margin of 2V while BTBHHI or FBHHI are
used. The endurance of various operation combinations is showg.id.5 and we
found the window margin was closed ang,& was raised by accumulated electrons
while using the BTBHHI erase iRig. 4.5 (a) Nevertheless, FBHHI can keep the

stable window margin, even if it is until one thousand cycle times in Fig. 4.5 (b)

4.4.2 The Experiment Results of FV, CP Method

Figures 4.6 (a)and (b) show the fix base charge-pumping method for
CHEI/BTBHHI cycle and FBEI/BTBHHI cycle, with different cycling time on
programming state to do the test. We can get.thieot fresh tpgand 1@Prode 4to
know the total injected electrons after first program. The stored charges in the nitride
with P/E cycling were complicated, and we estimated that the non-recombined
electrons at erase state ‘were aaccumulated, and. the holes accumulated above the
overlapping region between-the. gate and drain. Afeycles) was reduced while

more holes accumulated at the programmed state.

Generally, we already know the number of total injected electrons by A
parameter and then we calculated €A, in different cycling times to investigate
the hole-electron misalignment and operating schemeigin4.6, at first, we found
the kpmax increased rapidly by using CHEI program, it means that CHEI program
made more interface traps in bottom oxide than FBEI program. For FBHHI erase in
Fig. 4.7, we detected that the value/d§pmax Was suppressed, in comparison with
the BTBHHI erase. Besides, we found the raising current at low current state as a

result of the accumulation of holes at the drain side.
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Next, we show the variation adiA/A, with increasing P/E cycles in four
operating conditions, as showhig. 4.8.Mainly, FBHHI can inject more holes to the
nitride, leading to the excess holes accumulated even at the programed state.
Comparing the electron-hole misalignment fing. 4.8, FBEI can reduce more
accumulated holes than CHEI because its injected electrons are near the drain side by
using FBEI program [5]Fig. 4.9was used to know which operating scheme will
make even more oxide degradation, and it shows that FBEI/FBHHI be the best P/E

operation as a result of a slope of the increasigguix/|cromax Was suppressed.

Basically, the misalignment makes the electrons accumulation in the channel,
which can not be recombined. by the injected holes. Both electrons and holes
accumulated in the channel.will change the drain current flowing path and the electric
field in the channel, resulting‘in the impact ionization position move toward into the
channel, making the mismatch more-serious[23][24][25][26]. From the experimental
results, FBEI and FBHHI can suppress the ‘oxide degradation in comparison to
conventional operating scheme and FBEI/FBHHI also reduced the misalignment in

the trapping memory.
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Fig. 4.3 The schematic FVb charge-pumping current curves related to the
trapping charges and interface traps for a planar SONOS.
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Table 4.1 The basic operation conditions of planar SONOS.
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Chapter 5
Reliability Analysis of Two Bit per Cell
Operation Split-Gate SONOS

5.1 Introduction

Recently, the charge-trapping devices, such as SONOS memory, are a promising
solution for flash memory scaling. Moreover, many unique gate structure cells have
been propose to improve the non-volatie memory (NVM) performance by
corresponding operation scheme. To achieve the high density non-volatile memory,
two bits per cell operation and multi-level logic state are necessary tendency. In [3],
storing different amount -of charges in the trapping layer distinguished different
threshold voltages and can be treated as different.combination of bits, the multi-level

operation can be successfully implemented-in split-gate SORQSH(1).

In this chapter, we will focus on the basic characteristics of reading methods in
the unique split-gate structure. Furthermore, the fundamental two-bit operations were
shown in the next section. The second-bit-effect-free in our split-gate can also be
achieved, such that we can study the two-bit program/erase cycle with using different
programming methods. Finally, we will provide some conclusions on the optimized

operation combinations with better reliability.
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5.2 The Basic Electrical Characteristicin Split-Gate SONOS

Figure 5.2shows the drain current versus gate voltage undesafo read (b=
1.8V) and reverse read £& 1.8V) while the control gate was biased at 0.9V in a
split-gate SONOS. As shown ing. 5.3(a) we observed the shift of threshold voltage
with varying control gate voltagescy¥ from 0.6V to 1V. The g-Vs curve with
varying Vcg in Fig. 5.3(b) shows the uniform shift and the same value of
sub-threshold swing when@d¢ was increased. This phenomenon can explain gae V
determined the peak of channel potential and then we simulated the channel potential
with V¢ from 0.6 V to 1V when constant curregtl56nA inFig. 5.4. The potential
peak increased uniformly whengy is_from 0.6V 'to 0.8V, but the largec¥ will
decrease the potential peak seriously for the same constant current statecghen V
over 0.9V (not shown). We used a positive voltage at the control gate, can be regarded
as the hole stored in control gate, just like as floating date.5.5(a)shows the
threshold voltage for various drain voltages and a same control gate voltage.and
5.5(b) exhibits the simulated channel potential for dnadttages from 0.2V to 1.8V,

respectively.
In this section, we discussed the basic electrical characteristic with different
control gate and drain bias conditions. Then, we will study the location of stored

charge with different programming methods by changing the voltage condition when

we read the threshold voltage.

5.3 Basic Characteristicson the Programming Cells
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5.3.1 Results on the One-Bit Programming Cells

Figure 5.6 shows the diagram for the forward read and rexeademodes. First,
for one-bit operation, we used SSI and FBEI program in split-gate SONOS. Here,
only bit-1 was programmed and bit-2 was fresh state. The two physical logic states
were demonstrated from the threshold voltage difference of the bit-1 and bit-2 during
forward read and reverse read-ig. 5.7 shows the window (M;rrVTHFR) VErsus
Vth shift of bit-1 with the word gate lengthpk= 0.1um and 0.13um for split-gate
SONOS. The second bit effect (SBE) can be suppressed whenl 8V during
reading in our split gate structure, even if théth= 3V on bit-1 with Lyg= 0.1um,
nevertheless, the window closed slightly (=0.5V) in the [iyth region, due to the
stored electrons were for away from drain side, as show in [27]. This result will lead
the mismatch phenomenaon during cycling and induce the leakage mechanism during

retention measurement.

To detect the location of programming charges with SSI and CHEI program, we
changed the bias conditions ofp \and VWt during reading the constant current
voltage CC-Vth of 56nAFig. 5.8 (a)and(b) show the window (V4 rr-VTH,FR) fOr
various read voltages with differeAth shift of bit-1 in SSI and FBEI program,
respectively. InFig. 5.8, the window increased with the raising read voltagause
the screening effect which comes from the local potential barrier lowering induced by
the read voltage [24]. By increasing th¥th in bit-1, we need more read voltage to
reduce the second bit effect and open the value of window. The resudt i5.8(b)
means the local increasing potential barrier by stored electrons can be lessened
efficiently in FBEI program, comparing with thég. 5.8 (a) the second bit effect

should be suppressed in SSI program by using larger read voltage. Generally, we
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conclude that the injected electrons by FBEI program were more close to the drain

than by the SSI program.

Figures 5.9 (a) and (Ishow the window for various control gate voltages;V
with different AVth shift of bit-1 in SSI and FBEI program. The slopée-ig. 5.9(a)
exhibits the stable variation however the slope inFle 5.9(b)was steep. It means
the injected electrons by FBEI program can be affected while varygag bt it is
not obvious in SSI program. The experience result shows the possibility of the
distribution of stored electrons by using FBEI program is wider than using SSI
program. From the result dfig. 5.9, the raising ¥ can enhance the window
(VturrVTH,FR) @nd reduce the second bit effect during forward read. Apparently, the
equivalent holes can reduce the raising channel potential by programming electrons in
read and achieve the second-bit-effect-fréey.  5.10 represents the operating
mechanism of SSI and FEBI program and explains the stored electrons distribution.
We understood the mechanism_of SSI program needing a high electric field to
accelerate the programming electrons along the channel, leading to the distribution
location correspond to the high electric field region. For FBEI program, the result
shows the wider distribution of stored electrons, however, we can enhance the lateral
electric field by raising ¥ nicn at T, phase, leading to the stored electrons were near
to drain side. Nevertheless, for a large threshold voltage shift, the distribution of
stored electrons became boarder, so we should increase the read voltage to keep the

same window with different¥&h cases.

5.3.2 Applicationsto Two-Bit Programming Cells

Base on the basic reliability operation, we will show the program transient, the
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characteristic of endurance, and the retention for two-bit operation. Figst5.11

shows the programming speed for first bit and second bit by SSI and FEBI program.
We found the second bit transient was decelerated on using SSI, because the electron
of bit-1 increased the channel potential and reduced the electric field along the
channel. So far, we understood the advantage of using multi-cycle pulse series, e.g.,
FBEI is the two-bit operation is mutual containment during programming by

superiority of one-side operating.

In chapters 3 and 4, it has been realized that the FBHHI can reduce the oxide
degradation. In order to decrease the erasing breakdown, we tried two operating
combinations, FBEI/FBHHI and SSI/FBHHI, for endurance measurement. The cycle
sequence is program bit-1 => program hit-2 => erase bit-2 => erase bit-1, which is the
worst operating sequence [28]ig. 5.12 shows endurance characteristics of two-bit
per cell application, using SSI program and FBHHI erase. The window of SSI/FBHHI
closed gradually by second bit transient slowing ddwm. 5.13 shows the endurance
characteristics of two-bit per cell, by using FBEI program and FBHHI erase. The
FBEI/FBHHI kept the window of 2V and the sa¥'th shift on bit-1 sand bit-2.

Next, Fig. 5.14 shows retention behaviors after 10k P/E cyclest-df &nd bit-2 in
different states, respectively for split-gate SONOS with SSI and FBEI program. As we
can see, FBEI has 1.6V window after ten year§im 5.14 and is larger than the

window (~1.4V) of SSI retention.

More importantly, the retention behavior shows the reliability of the bottom
oxide, which leads to with using by multi-cycle mode, e.g. FBEI, FBHHI, less
damage can be achieved. In short, for the 2-bit per cell operation, the new scheme

exhibits much better retention and endurance characteristics.
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Fig. 5.1 The schematic structure of the split-gate SONOS.
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Fig. 5.6 The diagram for the forward read and reverse read modes.
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Fig. 5.10 The operating mechanism of SSI and FBEI programs.

67



o
o

S —a— FBEI @ First Bit transient
~5 5 e FBElI @ Second Bit transient
—a— SS| @ First Bit transient
—v— SS| @ Second Bit transient

TH

ik
o

.
&
—

FBEI ss|
[ Vg= 85V ;. 9BV

| Vg=-2~5.5V. i 5.5V

B
o

o
ol
T

\

w
o
—

Dependence of
Vth shift on bit-1

Threshold Voltage ,V

N
&
—

| T IR AT 1T S S AW TTTT| NS WY 1171 S U W1 | | |

1E-9 1E-8 1E-7 1E-6 1E-5 1E-4 1E-3 0.01 0.1 1
Program Time (S)

Fig. 5.11 The programming speed for first bit and second bit by FBEI and

SSI programs.

68



Threshold Voltage,V_, (V)

SSI/FBHHI

8.0 _ :

75L SSIi —*— ViyRr1-Bit @ Pro ,2-Bit @ Erg

65L D>y v :1-Bit @ Pro,2-Bit @ Era

L VCG=0.9V, ' _ _

6.0F Time=3ms —* VqyRrr:1-Bit @ Era,2-Bit @ Era

55+

5.0

45}

4.0

3.5

3.0} MW

2.5+

2.0 b MR | MR | MR | il .
1 10 100 1000 10000

P/E Cycle

Fig. 5.12 Endurance characteristics of two-bit per cell application, using

SSI program and FBHHI erase.

69



Threshold Voltage,V_, (V)

FBEI/FBHHI

3:2 ] —e— Vq gri1-Bit @ Pro ,2-Bit @ Era

70L —— VTH,FR;l'Bit @ Pro ,2-Bit @ Pro

6.5 L —A— Vyy pri1-Bit @ Pro,2-Bit @ Era

6.0 —v— VTH,RR;l'Bit @ Era,2-Bit @ Era

55}

50

451  FBELVs=8:5V,Vy=-2~5.5Y ,Time=100us

A0 FBHHIVS=-5V,V5=-2~6V,Time=3ms

3.5}

3.0}

2.5} W
1 o 100 1000 10000

P/E Cycle

Fig. 5.13 Endurance characteristics of two-bit per cell application, using

FBEI program and FBHHI erase.

70



Threshold Voltage,V_, (V)

o
(6]
1

o
o
T

" e FBEUFBHHI@ Vth,
| = FBEI/FBHHI @ Vith,

| v SSIFBHHI @ Vth,
| —4— SSIFBHHI@ Vth,

»
&

H
o
T

1.4V |]|1.6V

w
ol

w
o

10 10° 10°/10* 10> 10° 10" 10°
Retention Time (S)

Fig. 5.14 Retention behaviors after 10k P/E of Bit-1 at Wit and Vthiow

states with FBEI/FBHHI and SSI/FBHHI combinations.

71



Chapter 6

Summary and Conclusion

In this thesis, a novel operating scheme has been propose for 2-bit/cell split-gate
SONOS. We proposed a new mode of pulse operation to compare it with the
conventional operation scheme in split-gate SONOS. A novel operation concept used
the multi-cycle pulse series and suitable forward-bias to enhance the efficiency of
program/erase. The multi-cycle pulse type can achieve a superior operation efficiency,
even it only needs half of time for the charge injection. The reliability for junction
leakage was dominated by forward-bias stress, while it exhibits a stable value of the
leakage current in the new operating scheme.. Above all, threshold voltage was not

disturbed with a suitable forward-bias current.

Next, we discussed the different operation .combinations in planar SONOS and
analyzed the reliabilities for a"P/E eycling-device using different operating schemes.
By calculating a new parametAA/A,, we found the multi-cycle pulse series, e.qg.,
FBEI and FBHHI, can reduce the misalignment in the trapping memory, and by
calculatingAlcpmax/lcromax, FBHHI can suppress efficiently the oxide degradation

in comparison to BTBHHI.

On the other hand, we did the test about the multi-cycle pulse type for two-bit
per cell operation reliability in split-gate SONOS. We used the unique double-gate
structures to discuss the second-bit-effect and different programming scheme induced
charge distribution in the dielectric layer. FBEI could inject the electrons near the

drain side, although it had wider distribution location than SSI in the nitride, but it can
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keep a stable endurance window by using the FBHHI erase. More importantly, for the
two-bit per cell operation, the new operating scheme exhibited much better program
speed, endurance, and retention characteristics in split-gate SONOS and achieved a

better alignment between the two bits.
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