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ABSTRACT

Recently, the flash memory ‘has ‘become-the main stream of nonvolatile semiconductor
memory products. High performance and reliability are two major issues for the design and
manufacturing. The goal of research and development of flash memory cells is to lower the
operational voltage and to enhance the performance and reliability. Two approaches are
widely used to reach the goal: one is to improve the cell structure, and the other is to change
the operation scheme. This thesis is to develop an operation scheme to achieve low voltage,

low power consumption, and high reliability.

P-channel flash memories are studies in this work. We propose a new programming
scheme to inject electrons into the floating gate. It is called Forward Bias Assisted Drain Hot
Electron Injection (FBADHE). First, we apply a small positive drain bias on the
Drain-Substrate junction. Then, we apply an appropriate negative bias and switch the junction

to reverse-bias. The change of the mode of p-n junction causes more impact ionization in the

il



deep depletion region and more electron-hole pairs are generated. Carriers are then injected
into the floating gate via the assistance of vertical electric field due to positive gate voltage.
We compare the performance and reliability of this new operation scheme with other
traditional ones used on p-channel flash memories: Band-To-Band Induced Hot Electron
Injection (BBHE) and Drain Avalanche Hot Electron Injection (DAHE). Finally, in order to
improve the major reliability problem of p-channel flash memories, the drain disturb, we
propose an alternative way to solve the problem by applying a moderate negative substrate

bias on unselected cell, but a new structure is needed.
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Chapter 1
Introduction

1.1 The Motivation of This Work

With the introduction of the flash memory by MASUOKA in 1984 [1], the flash memory
has become a significantly solid-state memory technology in the past two decades. Nowadays,
there are two major applications of flash memories: embedded system and mass storage

system.

In the past, many programming and erase schemes have been studied for the
performance and the reliability issues. Inm-channel, we adopt Channel Hot Electron Injection
(CHEI) [6] for programming and:FowlerZNordheim tunneling (F-N tunneling) for erasing on
NOR array. In NAND array, we use Fowlet-Nordh€im tunneling (F-N tunneling) for both
programming and erasing schemes. Except the above programming/erase schemes, there are
some other programming schemes whichthave been used in to n-channel flash memories, such
as: Substrate Hot Electron Injection (SHEI) [2], Band-to-Band tunneling Induced Substrate
Hot Electron (BBISHE) [3], and Channel Hot-electron Initiated Secondary Electron (CHISEL)
[4]. For p-channel flash memories, Band-to-Band tunneling Induced Hot Electron Injection
(BBHE) [5], Drain Avalanche Hot Electron (DAHE) [7], and Channel Hot Hole Initiated Hot

Electron Injection (CHHIHE) [8] are usually proposed in reported papers.

Comparing with n-channel flash memories, only a few papers have been focused
p-channel ones. Two kinds of flash memories have their own advantages. For p-flashes, faster
programming speed, lower power consumption, and higher injection efficiency can be
achieved. For n-flashes, better reliability is a huge advantage on widely using on data storage.

In this paper, a comprehensive discussion of performance and reliability of a new



programming scheme, Forward Bias Assisted Drain Hot Electron Injection (FBADHE), used

in p-channel flash memories will be investigated.

1.2 Organization of the Thesis

This thesis is divided into six chapters. In chapter 1, we introduce the motivation of this
study. In chapter 2, we introduce the device fabrication, the setup of experimental instruments,
and the basic principle of flash memories. The fundamental principle and basic [-V
characteristics are shown in Chapter 3. The mechanism and characteristic of this new program
scheme (FBADHE) is described in Chapter 4. The reliability of FBADHE on p-channel flash
memories is discussed in Chapter 5. Finally, the summary and conclusion will be given in

Chapter 6.



Chapter 2
Device Fabrication and Experimental Setup

This chapter is divided into two sections. First, the semiconductor devices we used in
this study will be described. Second, the instrument setup and the experimental techniques to

accurately control these instruments are illustrated.

2.1 Device Fabrication

Figure Fig. 2.1 (a) shows the layout of the stacked-gate flash memory cell. The
cross-sectional views of the cell in length and width directions are illustrated in Fig. 2.1 (b)
and Fig. 2.1 (c), respectively. As shown in Fig.2:1°(a), the floating gate and the control gate
are patterned in the width directionsand the length direction, respectively. Moreover, in order
to increase the gate coupling coefficient;~the, floating gate is extended into the Local
Oxidation of Silicon (LOCOS) region for enhancing the fringing capacitance between
control-gate and floating-gate as given in Fig. 2.1 (c). In addition, the dummy cell with

shorted floating gate and control gate is also used for gate current measurement.

In this work, the flash memory cells are prepared based on standard 0.35um CMOS
process and with conventional stacked-gate flash memory cell. The cell sizes which we used
in this study are W/L = 0.7/0.65 pm and 0.7/0.45 pm respectively. The floating gate width
Weg = 1.2 um, tunnel oxide thickness Tox = 90 A, and effective ONO inter-poly dielectric
thickness Tono = 165 A (The individual thickness of interpoly ONO is Trop-oxide/ Tsin/
TBottom-0xide=05A/90A/55 A). Interpoly dielectric thickness heavily influences program/erase

speed and the magnitude of read current for an industry-standard flash cell [§]. MDD
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Fig. 2.1 Sketch and cross-sectional view of stacked-gate flash memory. (a) Layout of

experimental stacked-gate flash memory. (b) The cross-sectional view of the flash cell in the

length direction. (c) The cross-sectional view of the flash cell in the width direction.



(Medium Doped Drain) is used for applying the asymmetric electric field. There are two
different doping types of floating gate. The detailed device parameters are summarized in

Table 2.1.

2.2 Experimental Setup

The experimental setup for the I-V and transient characteristics measurement of flash
memory is illustrated in Fig. 2.2. 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 flash memory cells can
be easily achieved. As shown in Fig. 2.2, the characterization equipments, including
semiconductor parameter analyzer(HP 4156C), dual channels pulse generator (HP 8110A),
low leakage switch mainframe (HP5250A Switching Matrix), and a probe station, provide an
adequate capability for measuring the idevice-J-V-characteristics and carrying out the flash cell

program/erase operations.

The HP 4156C is equipped with four programmable source/monitor units, two source
units, and two monitor units for supplying or monitoring the voltage and the current. It
provides a high current resolution up to pico-ampere range which facilitates the very low
current measurement such as gate current measurement, subthreshold characteristics
extraction, DCIV and GIDL measurement for oxide damage characterization. The dual
channels HP 8110A with high timing resolution provides two different pulse levels
simultaneously for transient and P/E cycling endurance characterization. The Switching
Matrix, which is equipped with an 8-input x 12-outoupt switching matrix (with one output
module), switches the signals from the HP 4156B and the HP 8110A to device under test
(DUT) in probe station, automatically. In addition, the computer language-HP VEE is used to

achieve the PC control of these measurement instruments via HP-IB interface.



In order to precisely control the pulse timing of HP 8110A during transient and P/E
cycling endurance characterization, we select the triggered pattern mode to achieve this
requirement. Fig. 2.3 (a) and Fig. 2.3 (b) show the timing diagrams of the triggered pattern
mode method during program and erase operations, respectively. By taking the program
timing diagram as an example, the triggered pattern mode method can be explained as follows.
In Fig. Fig. 2.3 (a), the VSMU1 of HP 4156B (illustrated in Fig. 2.2) generates a voltage
signal which is equal to the low voltage of HP 8110A. This approach can provide a substrate
bias during programming and prevent additional stress to device during programming. The
patterned pulses (defined as 01000 in Fig. 2.3 (a) with the minimum period of 10ns) from HP
8110A are then sent and programming of a flash memory cell is performed. In our experience
with the HP 8110A, we must set the period .of pulse larger than 50 ~ 100ns to obtain a good
square pulse and the leading or trailing edge-larger than 25 to 50 ns to prevent the over-shoot

and under-shoot of output pulse.
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Table 2.1 The spilt table of stacked-gate flash memories used in this study.
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Fig. 2.2 The experimental setup of the current-voltage and the transient characteristics
measurement in flash cells. Automatic controlled characterizations system is setup based on

the PC controlled instrument environment.
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Chapter 3
Basic I-V Characteristics and Capacitance Coupling
Model of P-channel Flash Memories

This Chapter involves the extraction of MOSFET device basic parameters, threshold
voltage, and the coupling model of floating gate memories to extract the parameter. Finally,

we show the basic I-V Measurement of flash cells and dummy cells.

In floating gate memory, the floating gate is fully isolated. The voltage of floating gate
(Vrg) 1s determined by the coupling of the voltages of other terminals (Control-Gate,
Substrate, Source and Drain). Usually, the flash memory cell is modeled by a capacitance
equivalent circuit, called the capacitance model:[9] [10]. Based on this model, the equation of

floating-gate voltage can be determined, fromwhich we can extract the coupling ratio.

3.1 Threshold Voltage Determination

In this study, the threshold voltage V1 is determined from its Ip-Vg characteristic.

Based on the following drain current equation [11]:

W e
Ipg=—n

L

(Vos = Vi) Vi, (3.1)
in which we can choose an arbitrary drain current level, and set the gate voltage at this
drain current level as the device threshold voltage. However, by taking the device
geometry into consideration, we need to normalize the device drain current with its

channel length and width. This can be done by transforming Eq. (3.1) into

10



W SOX
ID = (IDO)/(T) =HU t

(VGS - VTH )VD . (3-2)

ox

Here, we set the threshold voltage as the gate voltage at which the normalized current (Ipo) is

0.1pA.

3.2 Capacitance Model and Extraction of Coupling Ratio

It is required for an accurate prediction of the associated coupling ratio in the design of
the flash memory cell. We will describe how to extract these parameters in this section.

Besides, we will derive the equations for calculating the floating gate potential.

Fig. 3.1 shows the conventional capaeitanece model for the flash memory cell. According
to this model, the charge balance of floating-gate can be derived based on the electrostatic
potential ¥ in the various regions of the cel:-From

Fig. 3.2, we know that the electrostatic. potential ¥ equals to (V+y) where V is applied
voltage and vy is flat-band voltage for each terminal, respectively. However, the electrostatic
potential Wgg of floating gate is equal to the voltage Vrg. Therefore, the floating gate voltage

can be expressed as the following equation

Vi = 0 (Vi = Weg) + 05 (Vig = W)+ ap (Vig —Wp) + 0 (Vg _\Vs)_CQ¢ (3.3)

TOTAL

where
CTOTAL = Ccc + CB + CD + Cs (3-4)
and
Oy = Cx (3.5)
CTOTAL

Here, acg 1s the gate coupling coefficient, ap is the substrate coupling coefficient, oy is the

11



source coupling coefficient, and ap is the drain coupling coefficient. Then we assume
(acgWeagt aYat aswst apwp) = Vo = occWee = Vs, Which is the flat-band voltage of the
flash memory cell, and Vi = 0 as the reference by setting Vs and Qg to zero, the floating gate

voltage cab be rewritten as

Vig = 0cg Vg + 0 Vp + Vig - (3.6)

The coupling coefficients will be determined in Eq. (3.6). Fig. 3.3 shows the subthreshold
characteristics of flash and dummy cells at drain voltage of 0.1 and 1V. Dummy cells show
the identical subthreshold characteristic but flash cells are different. This is because the effect
of coupling between electrodes. By selecting any two different drain current level (such as Ipg
=107 and 10 A) at Vpg = 0.1V, the control gate coupling coefficient can be obtained as

o Vigps = IO-SA)_VFG(IDS i 10-6A) :
« VCG (IDS =107 A)- VCG (IDS = 10-6A)

(3.7)

Since o 1s determined from Eq.(3.7); thewalue of Vg can also be determined from Vgg-

accVee at any fixed drain current levelof Vpg=-10.1V.

3.3 GIDL Measurement

Gate Induced Drain Leakage Current (GIDL) is one of the major approaches to detect the
damage of the oxide and silicon interface in the gate-drain overlap region. [12] [17]. The
GIDL current is due to direct band-to-band tunneling in the Off-state MOSFETs. For flash
memories, the effect of Band-to-Band tunneling can be also used to inject charges into
floating gate [5]. Please refer to section 4.2 for the detailed description of Band-to-Band

tunneling.
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Fig. 3.4 Shows the GIDL measurements of P-channel flash and dummy cells. For flash
cells, the more negative drain voltage causes electrons to be injected into floating gate via

Band-to-Band tunneling and then gives rise to the threshold voltage shifts.

The GIDL current is sensitive to trapped charge in the tunneling oxide at the overlap
region between the gate and drain, so that we can monitor the qualitative or the quantitative
analysis of these Qox and Nj. The analytic model of the GIDL current [18] is shown as

follows:

) (3.8)

IgipL = A x Equrface X exp(
surface

where Eqyace 1 the electric field at silicon interface. The parameters A and B are defined in

ref. [18], and basically they are the fitting parameters in most measurements.
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Chapter 4
Mechanism and Characteristics of Forward Bias
Assisted Drain Hot Electron Injection

4.1 Introduction

In this chapter, first we describe the mechanism of familiar program schemes used in
p-channel flash cells, Band-to-Band tunneling Hot Electron Injection (BBHE), and Drain
Avalanche Hot Electron Injection (DAHE). Then, we propose a new program scheme called
Forward Bias Assisted Drain Hot Electron Injection (FBADHE). We will investigate the
mechanism and the effect on different programming conditions. Finally, we compare the

characteristics of the above programming sechemes.

4.2 Mechanism of BBHE and BAHE.in P-channel Flash cells

In the past, BBHE and DAHE are the popular methods used for programming in
P-channel Flash cells. In this section, we will investigate the difference of mechanism

between them.

First, we discuss Band-to-Band tunneling Hot Electron Injection [5]. BBHE is used in
P-channel Flash cells. For n-channel cells, if we change the structure of MOSFET, i.e., buried

a p+ region in the channel, BBHE can also be achieved [7].

When a negative drain voltage and a positive control-gate voltage are applied, the energy
band is bended by the difference of the two side of the insulator and band-to-band tunneling

occurs. The electron-hole pair generates in the gate-drain overlap region [12]. Band-to-Band
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tunneling means that: in the strong band bending, electrons in the valence band edge can
move to conduction band, and holes are left on the valence band so that electron-hole pairs
generate. Generated carriers will be accelerated by the horizontal electric field and some of
them gain sufficient energy. The energetic electrons then inject into floating gate by the effect

of vertical field. Fig. 4.1 shows the schematic illustration and the band diagram of BBHE.

Drain Junction avalanche hot carrier (DAHC) historically denotes the emission of free
carriers towards the gate generated by impact ionization in the deep depletion region of p-n
junction. In p-channel flash cells, when a large negative drain voltage is applied and substrate
is grounded, the drain-substrate p-n junction is in strong reverse-bias, the avalanche
breakdown occurs. Electrons with high energy cause more and more impact ionization when
moving from p region to n region and generate a large amount of electron-hole pairs. Carriers
are accelerated by the strong electric field.in.depletion region so that the energy of these
carriers is high enough to surmount;the oxide barrier and inject into floating gate even without
the assistance of vertical electrie field. Fig—4:2.shows the illustration and band diagram of
DAHE. Vertical field determines which: carriet-will be injected. We measure the relationship
of gate voltage and gate current at the condition of drain avalanche breakdown, as shown in
Fig. 4.3. We can easily appear that only in the strong negative gate bias is applied (~-8V) that
hot holes will inject into floating gate. In other condition, electron current is dominated. So
the DAHE Programming Scheme is easily to be achieved in p-channel flash cells. DAHE is a
high speed, self-convergent programming scheme [20]. Besides, if a positive gate voltage and
a strong drain voltage are applied, a large electric field is generated in the gate-drain overlap
region. Band-to-Band tunneling will occurs and electron will inject into floating gate. It is

called Gate Induced Drain Leakage (GIDL) current [12].

From the above description, it is realized that the mechanism of BBHE and DAHE is
quite different. First, the generation region of carriers (electron-hole pair) of BBHE is in the

gate-drain overlap region, and the DAHE is in the deep depletion region of drain-substrate
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junction. Second, the energy of generated carriers of BBHE is lower than those in DAHE.
Thus the stronger vertical field is needed for BBHE in order to surmount the oxide barrier.
The advantage of BBHE is high injection efficiency (Ig/Ip). Fig. 4.4 shows the relationship of
I, Ip and Vp under the BBHE and DAHE condition respectively. In Fig. 4.4 (a), the Gate
current rises at the drain junction breakdown (~-7V). It is realized as DAHE injection. In Fig.
4.4 (b), the Gate current involves F-N tunneling current and band-to-band tunneling current.
The Gate current rises as the increasing of band bending. Because the F-N tunneling current is
fixed, the increasing part is band-to-band tunneling current. Fig. 4.5 shows the injection
efficiency (Ig/Ip) of BBHE and DAHE. The efficiency of BBHE (~107) is high than DAHE
(~107). It is noticed that in the injection efficiency has a maximum at Vp= 0V. It is because
there is a little tunneling current (~10™"'@ Vg= 10V) but no drain current (~10"°@ Vg= 10V).
So, the magnitude of gate and drain current should be also notified when measuring the
injection efficiency. The higher efficiency, means the less power consumption. It is noticed
than the definition of injection efficiency (Ig/lp). For CHEI Programming in N-Channel Flash
cells, The MOS is turned on, so the Ipis drain.current. On the other hand, using either BBHE
or DAHE on p-channel flash cells, the-MOS isn’tturn on, so the I is drain leakage current.
The other advantage of BBHE is the better drain disturb characteristics. The serious problem
in reliability of p-channel flash is drain disturb [21], which impedes its practical applications
for mass production purpose. Larger drain voltage causes more serious drain disturbance. The

comparison of BBHE and DAHE is listed in Table 4.1.
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Fig. 4.1 Schematic illustration and Band Diagram of BBHE on the p-channel flash cells.
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valence band so that electron-hole pairs generate.
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BBHE DAHE
Program Speed Slow Fast
Fast
Self-convergence 3% Yes
Gate Disturb Notserious No
Drain Disturb Worse Worst

Table 4.1 Comparison of BBHE and DAHE in p-channel flash cells.
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4.3 Mechanism of Forward Bias Assisted Drain Hot Electron Injection in
N-Channel Flash Cell

The concept of forward bias assisted programming is proposed by Z. Liu in 1999 [13].
The sample is N-Channel floating gate cells. This program scheme is called “Pulse Agitated
Substrate Hot Electron Injection” (PASHEI). The illustration of Program setup is shown in
Fig. 4.6. The programming pulse is divided into two parts, emitting time and collect time. The
emitting is used to make the substrate-drain diode in forward bias (a negative drain voltage V.
is applied) and the diffusing current is taking place. Then, changing the diode to reverse bias
mode (a positive drain voltage Vy, is applied), and the electrons which are flowing into
substrate will be injected into floating gate. The gate voltage Vg keeps positive during
emitting and collecting time. Please refer to Fig. 4.7 for the injection mechanism. The
advantage of this programming technique is only a.small programming voltage (~5V as gate
voltage and 4V as drain writing-voltage) is ‘needed. The disadvantage is a multiple pulse is
needed in a program procedure, such as: 100 pulse perprogramming. It makes the long period
of programming time and a complicated circuit.design is needed in order to apply this

continuous pulse.

We modify the pulse pattern in this study. As shown in Fig. 4.8. We call the new scheme
“Forward Bias Assisted Substrate Electron Injection” (FBASEI). The difference is that the
gate voltage is zero during the emitting period and is positive during collecting period. The
mechanism is similar as PASHEI, so the injection current is from the substrate too. The
performance comparison of CHE, PASHEI and FBASEI is shown in Fig. 4.9. The
characteristic of FBASEI is also pulse count dependent, pulse period independent, and low
operating voltage is achieved [13]. The reason of poorer programming speed of FBASEI
(comparing with PASHEI) is that the less gate pulse period makes fewer electrons injected

into the floating gate.
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Fig. 4.7 The injection mechanism of PASHEI in n-channel flash cells. Substrate electron

current inject to floating gate by the effect of vertical electric field.
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4.4 Mechanism of Forward Bias Assisted Drain Hot Electron Injection in
P-channel Flash Cell

In this section, we will first discuss the difference of mechanism of forward bias assisted
hot electron injection in P and N Channel cells. Second, we define the gate current
components under different program schemes. Finally, we compare the characteristics with

the assistance of forward bias at different operation conditions.

The injection mechanism and performance of the forward bias assisted programming
scheme in P-channel cells is quite different from the in N-Channel cells. Fig. 4.10 (a) shows
the programming setup and pulse pattern of this program scheme. The concept is similar to
N-Channel ones. First, a moderate positive bias is applied on the P-type drain side, and the
junction is under forward bias. When changing, the mode to reverse bias, deep depletion
region is created and carriers in this region suffer strong electric field. Impact lonization
occurs and much energetic carrier is generated and injected into the floating gate. Please refer
to Fig. 4.10 (b) for the detailed miechanism. The difference of the scheme in N-Channel ones

is the carrier generated in the drain depletion region, so it is Drain Electron Injection and can

be called Forward Bias Assisted Drain Hot Electron Injection (FBADHE).

Fig. 4.11 shows the operational region (the combination of gate voltage and drain
voltage) with different programming schemes. Before discussing the injection mechanism of
the above schemes, we should first clearly define the regions of breakdown, sub-breakdown
and Band-to-Band tunneling region. The I-V characteristic of drain-substrate diode is shown
in Fig. 4.12. When the drain voltage is larger than 0.7V, the junction is in forward bias (drain
current >0); on the contrary, when the drain voltage is below than 0.7V, the junction is in
reverse bias (drain current <0). Significant reverse bias leakage current rises as Vp= -5.5V
(~10"" A), and increases rapidly to ~10* A at Vp= -7V. The point (I) (Vp= -5.5V) is called

Zener Breakdown. This is due to Band-to-Band tunneling which electrons tunnel from the
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p-side valance band to n-side conduction band [23]. The point (II) (Vp= -7V) is avalanche
breakdown. It is due to impact ionization induced generated electron-hole pair. The original
and generated electrons are both swept to the n side of the junction, and the holes are swept to
the p-side [23]. The drain voltage in FBADHE (~6V) is between (I) and (II), both breakdown
mechanism may also occur. Avalanche breakdown is the main breakdown mechanism in p-n
junction [24], so in this region, we believe the avalanche breakdown dominates. In the
following description of this thesis, we call this region sub-breakdown region. It is noted that

the breakdown voltage is related to the doping concentration of the drain and substrate.

Next, we discuss the mechanism of injected electrons in different operational conditions.
In FN-PGM regions, of course the injected current is F-N tunneling current; If the device
operates in the Band-to-Band tunneling region (i.e. Vg-Vp= 15V, Vp= -5V, V= 10V), the
Band-to-Band tunneling current dominates;-If the-device operates in the drain avalanche
breakdown condition (i.e. Vp =-7V and Vg= 0V), the injection charge is drain avalanche

induced hot electrons.

The drain leakage current at Vg= 0V and Vp in sub-breakdown region in MOSFETs is
realized as Band-to-Band tunneling current from the gate-drain overlap region [12] [19]. But
in flash EEPROMs, the thicker oxide makes the Band-to-Band tunneling current injection at
zero gate voltage impossible. So the applied voltage must be adjusted, i.e., applying an
appropriate gate voltage to achieve enough band bending. Furthermore, if we operate the
device in the sub-breakdown region plus a small gate voltage (i.e. Vp =-6V and Vg= 6V), the
composition of gate current is more complicated. The amount of drain breakdown (involves
Zener breakdown and avalanche breakdown and avalanche breakdown dominates) induced
carriers in sub-breakdown region is small but some of them may gain sufficient energy from
vertical field. Besides, with the influence of vertical electric field caused by the positive gate
voltage, the potential difference between gate and drain is large enough to induce more

Band-To-Band Tunneling current. Thus, the injection charge will involve drain avalanche
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induced hot electrons current and Band-To-Band Tunneling current.

It is hard to separate the gate current components in different operational conditions
accurately by measurement only because the current component substantially changes as the
change of the combination of the drain voltage and gate voltage. Fig. 4.13 shows the
relationship of gate current and drain current in p-channel dummy cells. By varying the value
of gate voltage, we can roughly separate the gate current components. The gate current
difference between V=0V and Vg= 9V at Vp= 0V is F-N tunneling current. The triangle line
(Vg= 9V) rises as Vp= 5.5V is due to Band-to-Band tunneling. The square line (Vg= 0V)
rises sharply at Vp= 7V is drain avalanche breakdown current. The gate current of circle line
(Vg= 5V) rises at Vp= 5V is initially Band-to-Band tunneling current. And then as the
increasing of drain voltage (to ~6V), some, of the avalanche breakdown induced electrons gain

enough energy from vertical field and become a:part-of gate current.

Another simple method to determinesthe-gate current components is shown in Fig. 4.14.
The potential difference of gate and drain.is fixed as 12V (solid circle) and 7V (hollow circle)
respectively. It represents the band bending is the same at the whole line so that the amount of
injection carrier due to BBHE is the identical. It helps us to find the other gate current
components with different combinations of gate/drain voltage. When the drain voltage is -2V,
electron F-N tunneling current is the main component. At drain voltage equals to -6V,
sub-DAHE generates, as previous description. At drain voltage equals to -7V, there is a lot
carriers injecting due to drain avalanche breakdown. Besides, comparing the two spot at Vp=
-7V, we can see the small gate voltage (5V) enhance the injection of electrons by an order.
This is because the injection of Band-to-Band hot electrons and additional drain avalanche

breakdown hot electrons.

Fig. 4.15 shows the transient programming characteristics of BBHE, DAHE and

sub-breakdown regions. We find that the characteristic of DAHE and sub-breakdown A is fast
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self-convergent. So, in these 2 conditions the Drain Avalanche breakdown current is the main
injection component. The injection component of BBHE is Band-To-Band Tunneling current.
The threshold voltage of sub-breakdown B is almost fixed. This is because both the band
bending and drain avalanche is not large enough to generate apparent injected current. The

measurement result conforms to our explanation.

In summary, the injected gate current under sub-breakdown region is drain avalanche
induced hot electrons and Band-To-Band tunneling current, and from Fig. 4.15, drain

avalanche induced hot electrons is the main component.

Now we investigate the influence of the drain forward bias in the above operational
regions. Table 4.2 shows the operational condition of P/E schemes in this study. Fig. 4.16
shows the original and forward-bias-assisted. characteristics of transient program under
different operating conditions. From this measurement, we clearly identify the mechanism of
the assistance of forward bias. At BBHE (ewrelesline), there is no difference after assistance of
forward bias, this is because the forward bias-doesn’t influence the Band-to-Band tunneling
current. The performance with forward bias shows the emphatically difference on DAHE
(square line) and sub-breakdown region (triangle line). This is because the forward bias
makes more impact ionization at the Drain-Substrate junction so that more energetic carriers
surmount the oxide barrier and inject into floating gate. This result is consistent with our

proposal at the second paragraph of this section.

Since the assistance of forward bias works in drain avalanche breakdown and
sub-breakdown region, considering the reliability issue: drain disturb, the larger drain bias
during programming causes more serious drain disturb, so we select the sub-breakdown

region as our operational condition in this thesis..
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From this figure, we can roughly separate the gate current components by the difference of

gate voltage.
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Operate Vg Vb Vs | Vs
BBHE 11 -5 0 f
PGM DAHE 0 -7 0 f
EBADHE | g b Yore™l | o | ¢

VD-LOWZN '6*
ERS | Channel-FN"}:=10 f 5 f
Read -3 -1 0 0

Table 4.2 Operational table of P/E schemes in this study.
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4.5 Study of FBADHE at Sub-breakdown Region in P- Channel Flash Cell

In this section, we will investigate the characteristics of Forward Bias Assisted Drain Hot

Electron Injection at sub-breakdown region. The related symbols are shown in Fig. 4.10 (a).

First, we discuss the dependence of drain emitting voltage (drain forward bias, Vp._nign),
as shown in Fig. 4.17 (a). The threshold voltage shift has a maximum at Vp_pign= 1V. It can be
explained that the large forward bias (> 1V) will increase the momentum of diffusing carriers
and reduce the effect of impact ionization. Fig. 4.17 (b) shows the impact of the drain
collecting voltage (drain reverse bias Vp.ow). As predicted, the larger drain bias makes the
more threshold voltage shift. This is because the larger drain bias causes more impact

ionization in the deep depletion region.

Fig. 4.18 shows the dependence of dramn emitting time. We can find that there is no
dependence of emitting time since the time-to-drive P-N diode in active area is very short (<]
«s). For convenience, we select”emitting time =1 ;s on following measurement. The
dependence of collecting time (pulse width) is shown in Fig. 4.19. This figure shows that the
FBADHE is pulse width independent, because the same program time with different width
shows the different result. The characteristic is different from other programming schemes,
i.e., CHE, F-N and BBHE. Let me redraw this figure by replacing the X axis to programming
pulse count, as shown in Fig. 4.20. We find that FBADHE is indeed pulse width dependent.
This characteristic is due to a large amount of carriers are generated by the path of Sub-drain

avalanche breakdown and Band-to-Band tunneling in a very short time (<] ¢ s), and

increasing the programming width is useless to enhance the amount of ~generated charges.
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4.6 Erase Operation in P- Channel Flash Cell

The purpose of erase operation is to remove the electrons form floating gate to the device
and reduce its threshold voltage. Folwer-Nordheim (F-N) tunneling is used to erase the flash
cells. However, F-N operation requires high voltage across the tunnel oxide. Under strong
electric field, electrons tunnel from floating gate and inject into channel or source region. This
F-N tunneling effect is one of the main reliability issues in MOS devices, but is used to

operate in flash devices.

Folwer-Norheim tunneling current occurs when the electric field crossing the tunnel
oxide is large enough to make electrons whose energy is less than the barrier height can

tunnel through the oxide to substrate. The F-N tunneling current Ipy can be expressed as a
function of the electric field -

B
Iy @ Egy’ exp(=—) 4.1)

O0X

where B is a constant depending on efféctive'mass and the barrier height.

There are two kinds of Folwer-Nordheim tunneling Erase scheme used in the flash cells:
Channel F-N [14] [15] and edge F-N [1] [16]. The channel F-N is to remove the electrons
uniformly from the whole channel, and the Edge F-N is from the source edge. For N-Channel
cells, the negative Control Gate voltage and positive Substrate voltage is applied during
Channel F-N; Control Gate grounded and positive Source voltage is applied during Edge F-N.
The two erase techniques have their own advantage. The reliability of F-N Erase is hole
injection into the tunnel oxide (Q.x). Channel F-N Erase generates positive oxide charge in
the oxide above the channel and the Edge F-N erase will generate positive charge in the

tunnel oxide. Qox will damage the oxide and cause the data loss of the memory cell [22].
However, in p-channel Flash cells, only Channel F-N can be used to remove the

49



electrons form floating gate. This is because the doping type of source (P) and substrate (n).
In order to keep the diode in reverse bias, the potential of source must not be larger than
substrate potential so edge F-N is unsuitable in P-channel cells. Fig. 4.21 shows the setup and
band diagram of Channel F-N erase. Source and drain are floating during erase process. Fig.
4.22 shows the erase characteristic of P-channel Flash cells. Fig. 4.22 (a) indicates the larger
electric field between the tunnel oxide causes more threshold voltage shift. Fig. 4.22 (b)
indicates that the same electric field makes the same threshold voltage shift, whether the

voltage is applied on gate or substrate.
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4.7 Comparison of Program/Erase Performance with Different Doped
Poly Gate

Which poly gate has better performance is an interesting issue to investigate, and is an
easier way to improve the performance of flash cells. Fig. 4.23 shows the transient program
characteristics with difference doped poly gate. In this figure, in order to identify which has
larger threshold voltage shift, we operate the devices with smaller drain voltage, -5.8V for
reverse bias. We can see the p+ gate show the better performance. It is because the work
function difference of p+ doped gate is larger than n+ ones. It is noted that the initial threshold
voltage of above two devices is adjusted to be the same. So that for the given gate and drain
voltage, the electric field is also the same. The larger work function difference of p+ doped
gate makes electrons easier t to be stored in the floating gate and make the larger threshold
voltage shift. The phenomenon is also confirmed in.other study [15] [25]. For erase operation,
p+ gate suppress the electron injection from'theé control gate and result the larger threshold

voltage shift. Fig. 4.24 shows the transient €rase-result;
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Chapter 5
Reliability of FBADHE in P-channel Cells

5.1 Introduction

In this Chapter, we will investigate the reliability of FBADHE. First, we compare the
P/E cycling endurance between BBHE and FBADHE. Both of the erase method is Channel
F-N erase. And then, we measure the charge loss at room temperature and 80 C respectively
to observe its data retention ability. Finally, the Gate/Drain/Read disturb issues are

investigated.

5.2 Program/Erase Cycling:Endurance

In this section, we compare the‘eyeling endurance of BBHE and FBADHE programming
scheme. Both of the erase schemes are Channel-FN. The drain disturb of DAHE is too serious

so that we do not compare it with the other programming schemes.

Fig. 5.1 shows the measured endurance of FBADHE and BBHE in P-channel flash with
p+ doped gate. The operational condition of BBHE is: Vg= 11V, Vp=-5V and programming
time is 20 ¢ s. For FBADHE is: Vg= 6V, Vp=1 to -5.9V and programming time is 1 ¢ s. The
erase setup is: Vg=-10V, Vp=-6V and erase time is 10ms. The window doesn’t change after
cycling (~2.3V) but the threshold voltage is slightly decreasing during cycling. An
explanation is the pileup of positive charge in the tunnel oxide during erase operation, and the
cycling induced interface state (Nj;) or oxide trap charge (Qox) causes the degradation of flash
cells. In this sample, the endurance performances of FBADHE is a little bit better than BBHE

due to the less threshold voltage shift in both program and erase states.
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Next, we compare the endurance of FBADHE with different poly gate doping, as shown
in Fig. 5.2. The endurance in n+ gate flash cell is better than p+ gate ones. The program/erase
window of FBADHE with p+ poly gate is a little larger than n+ ones with different poly gate
and doesn’t show much significant difference. It is because the work function difference, as
described in Section 4.6. The main injection mechanism is avalanche induced hot electron and
the inter-poly ONO and tunnel oxide is very thick (165A and 90A respectively). Thus the
electric field difference due to potential difference caused by poly gate doping (~1eV) across
the oxide is small so that the performance with different doped gate is close. Furthermore, in
our experience, the uniformity of devices also plays an important role on programming/erase

window.

Many measurements can be used to investigate.the generation of interface state (Nj;) and
oxide trapped charge (Q.x), such:asyCharge pumping, GIDL, subthreshold characteristics and
Gated Diode. Fig. 5.3 shows the subthresheld-characteristics of different program schemes.
Interface state (Nj) can be estimated by measusing the subthreshold slope. The slope doesn’t
show significant difference. Previous researches identified that the injection of hot hole is the
major factor to degrade the device performance. During FBADHE or BBHE, impact
ionization or Band-to-Band tunneling induced hot holes are attracted by the drain, which is
applied an appropriate negative voltage, and flow to the p+ drain. At the same time, the gate
voltage is positive and will stop hot holes to inject into the floating gate. So that in P-channel

flash cells, program operation can eliminate the injection of holes and has better reliability.

57



\
oR-—oe
W\c\‘.‘

\....ﬁ-—..
) _ l-'

3t O—O-OCIKKD-—O-OCCC@Z@_Q,O%_

o
o—o®

1
[N
I

I—I-I_—I-I“

>

O‘OCCC%

Threshold Voltage V_(V)

i D—D-DD]]]]D—D-DE%\DD%
4 _a— —o— BBHE @\D.D
- —e— —c— FBADHE s
-5 Ll s 2 2 aaaaal s 2 2 aaanal s 2 2 aasaal s 2 2 aaanal s
10° 10" 10° 10° 10°
P/E Cycles

Fig. 5.1 Cycling endurance of BBHE and FBADHE in p-channel flash cells. Experimental
setup: BBHE: Vg= 11V, Vp=-5V, programming time is 20 1 s; FBADHE is: Vg= 6V, Vp=1
to -5.9V, programming time is 1 ¢ s; Erase setup is: Vg= -10V, V= 6V and erase time is

10ms.

58



l—l-ld’.'—.,. \
'F'/l.

—0-00eP —0-oetap “o. -
| Floating Gate
—s— —o— pt.doped

- —e— —o— 1+ doped

1 1
N =

o
I
oo
|
%
i
-
%
|

Threshold Voltage V, (V)

P/E Cycles

Fig. 5.2 Cycling endurance of FBADHE with different doped gate in p-channel flash cells.
Experimental setup: FBADHE is: Vg= 6V, Vp=1 to -5.9V, 1 us; Erase setup is: Vg= -10V,
V=5V, 10ms

59



10”

~ 10°

=)

2 10° )

£ 107

= o [ —=— BBHE (fr&sh)

2 -~ BBHE (10" Cycles) %

glo —e— FBADHE (fresh) N %
10 f—o— FBADHE (10" Cycles) c
O % s 4 3 2 1

Gate Voltage,V (V)

Fig. 5.3 Subthreshold characteristics comparison of fresh and cycled cells with different

programming scheme. The subthreshold slope doesn’t show significant difference.

60



5.3 Data Retention Characteristics

The other important reliability issue of flash memory cells is data retention ability. Fig.
5.4 shows the data retention characteristics of BBHE and FBADHE respectively at program

state at the temperature of 80 C. With the benefit of thick inter-poly ONO and tunnel oxide,

the data retention ability is excellent.

5.4 Disturb Characteristics

In this section, we investigate the disturb.eharacteristic before and after cycling. Disturb
is a one of the main reliability-issue on flash meémory cells. We will measure the disturb

characteristics and try to improve the performance of reliability to achieve high performance.

There are several kinds of disturbing phenomenon in flash memory cells. Fig. 5.5 shows
the type of disturbance effect in a conventional NOR array. WL is Word Line, which connects
the gates, and BL is Bit Line, which connects the drains. In order to save the space of chip,
the adjacent two cells along the bit line direction share a source line. When we program the
cell of the cross-over point of WL1 and BL1, the cells along the WL1 will suffer gate disturb
(solid circle in this figure), and the cells along the BL1 suffer gate disturb (dashed circle in
this figure). Besides, during read operation, read disturb also occurs. The origin of read and
gate disturb failures is the stress induced leakage current [27], and the mechanism of drain
disturb is due to Band-to-Band tunneling (BBHE) or Channel Hot Hole (CHH) induced hot
electron injection [21]. All of the disturb phenomenon will give rise to the threshold voltage

shift, so it is a major concern of the reliability of flash memories.
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Fig. 5.6 shows the gate disturb characteristics before and after 10k cycling respectively.
At this figure, we compare the disturb characteristic of BBHE (Vg= 11V) and FBADHE (V=
6V). At BBHE operation, performance before and after cycling shows more significant
difference than FBADHE operation. In BBHE, threshold voltage shift of cycled cell after
1000 second stress is about 0.45V. On the contrary, the gate disturb performance of FBADHE
shows much less threshold voltage shift, even after 10k cycled. It is an advantage of
FBADHE. Fig. 5.7 shows the read disturb characteristic of 10k cycled cells. At read condition
(Vg= -3V and Vp= -1V), threshold voltage doesn’t shift even at a long stress time. It is

because the inter-poly ONO and tunnel oxide is thick enough

The gate disturb makes the threshold voltage shift but is not the major concern of
reliability because the gate voltage during programming is small and doesn’t make significant
threshold voltage shift. Besides, Drain Disturb.is well known of the most important reliability
issue in p-channel Flash memories [21]. Fig:"5.8 shows the drain disturb characteristics of
different program schemes. First we'compare-the difference with difference drain voltage.
The Vy, shift at BBHE operation (Vp==5V).is much smaller than is avalanche operation (Vp=
-6V) by about 2 orders. This is because the larger drain voltage causes the more generated
carriers due to impact ionization and band-to-band tunneling and has sufficient energy to
inject into floating gate. Besides, comparing the influence of forward bias, we find that the
cells with forward bias assisted suffers serious drain disturb. The reason is the same as above
description. More impact ionization and band-to-band tunneling fastens the programming
speed, but the same mechanism degrades the reliability of cells. Fig. 5.9 shows the
comparison of drain disturb with fresh and cycled cells of BBHE and FBADHE respectively.
The conclusion is the same as Fig. 5.8: the drain disturb of BBHE is much better than
FBADHE. It is a trade-off between reliability and programming speed. In above two figures,
with FBADHE operation, threshold voltage start to shift at stress time= 10us in fresh cell and
lus in 10k cycled cell. It is unacceptable for industrial requirement so we must find other

solution to solve this reliability issue.
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A possible solution is to change the array architecture. Since Drain Disturb is the major
issue on reliability of P-channel Flash cells in most of the programming schemes (i.e., BBHE,
DAHE, FBADH etc), some researches propose new array architecture to improve the drain
disturb performance. DINOR structure is one of the solutions used to eliminate drain disturb
[26] [21] [5]. During programming operation, by setting all the other select transistors off
except for the one which is in the programming mode, maximum drain disturb time can be
reduced to 7 times the programming time from the cells connecting to the same sub bit line.
But at FBADHE operation, Drain Disturb is so severe at cycled cells (please refer to Fig. 5.9)
that drain disturb can not be solved even DINOR is adopted. Other structure must be

developed.

Since the main injection mechanism-of  FBADHE is forward bias induced impact
ionization of the p-n junction, to-reduce the tmpact ionization of junction is the simplest way
to mitigate the drain disturb. During ptogramming, -6V is applied on the whole bit line, so we
propose to apply an additional moderate negative substrate bias (~ -3V) to the cells along the
bit line. It can reduce the junction reverse bias from -6V (Vp=-6V; V= 0V) to -3V (Vp=-6V;
V= -3V). Junction breakdown is prevented such that drain disturb is improved. Therefore,
triple well is needed to provide individual substrate bias. Fig. 5.10 shows the improved
structure of triple well NOR array. The well line is parallel to the word line. When
programming the cell on the node of BL1 and WLI1, well line 1 is grounded and -3V is
applied at the other well lines. Thus the reverse bias of unselected cells is moderate and won’t
cause impact ionization. On the other hand, due to the triple well interconnection, additional
isolation and contact area is needed to apply substrate bias and enlarges the cell size. Besides,
additional substrate bias induces the other disturb phenomena: substrate disturb. Fig. 5.11
shows the substrate disturb characteristic of unselected cells. Fortunately, moderate substrate
bias does not make threshold voltage shift even under long time stress such that the reliability

issue of FBADHE operation can be solved by the improved structure. On the other hand, this
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structure will make drain-substrate junction along the well line at forward bias mode and
causes additional power consumption. So it is a tradeoff between reliability and power
consumption. As a result, we suppose the DINOR-like structure (maybe four cells with a

select transistor) is the better solution in this operation scheme.
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Chapter 6
Summary and Conclusions

Based on the experimental results, several issues have been addressed in this thesis. A
novel programming scheme used in p-channel flash memories is proposed. i.e., Forward Bias
Assisted Drain Hot Electron injection (FBADHE). The mechanism is to apply a forward bias
on drain-substrate junction and then change the mode of p-n junction to reverse bias. Forward
bias induced carrier flowing will generate more impact ionization under the reverse bias

condition and more energetic electrons will be injected into the floating gate.

Then, we compare the characteristic. of, FBADHE. BBHE and DAHE. DAHE has the
fastest programming speed, and :‘BBHE shas the lowest drain voltage. By comparing the
transient characteristic, we can clarify the injeéction mechanism of FBADHE which involves
band-to-band tunneling and drain avalanche-induced hot electron, and the later one is the

main injection component.

The advantage of FBADHE is fast programming speed (~1 is) and low operating
voltage (~6V). Even in flash cells with thick tunnel oxide and inter-poly, low operating
voltage can achieve large window. It means that the data retention performance will be
excellent. Comparing to BBHE, the higher gate voltage (~10V) limits the programming speed
by the gate disturb phenomenon. The disadvantage of FBADHE is the severe drain disturb. It
is also the major reliability concern of p-channel flash memories. We can improve the drain
disturb performance by adopting a new array structure, which is described in Chapter 5.
Although larger cell area is needed in new structure, the low voltage and high speed

programming are suitable for the applications.
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