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I nvestigation of the M echanism and Reliability in a
Two-Bit SONOS Flash Memory

Sudent: Jian Hung Kuo Advisor: Dr. Seve S. Chung

Department of Electronics Engineering
& Institute of Electronics

National Chiao Tung University

Abstract

For the design of advanced flash. .memories with better data retention
characteristics, SONOS (Silicon Oxide Nitride Oxide Silicon) will become the main
stream of nonvolatile memory products because of its simplicity in structure and
scalable by comparing with conventional floating gate cells. The flash memory today,
due to the vigorous development of the portable information system, the requirements
for low voltage operation, low power consumption, and high speed are becoming
increasingly important. By using the conventional programming scheme of channel
hot electron injection, the interaction of the generated electron and hole pairs could
cause the reliability issue for the tunnel oxide. This thesis will be focused on a novel
programming method for SONOS applications, in which its physical mechanism and

reliability issueswill be demonstrated.



For the scaling of SONOS memory, two-bit-per-cell operation has been one of
the merits for SONOS devices. The unique feature of two-bit-per-cell storageisowing
to the localized charge injection and the non-conducting property of charge storage

material.

First, we developed a low voltage operation scheme, FBEI (Forward Bias
induced Electron Injection). Comparing to those reported schemes, this FBEI scheme
has features of low voltage and sufficient large operation window. We found that the
FBEI and CHEI have a similar characteristic to store charge locally verified from our
experiment. Moreover, the stored charge for FBEI is closer to the drain than CHEI
from the profiling of the stored charge density distribution. In addition, a better data
retention property also made FBEI to become a new candidate for 2-bit operation. The

characteristics of endurance and data retention.test'have also been compared.
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Chapter 1

| ntroduction

1.1 The Motivation of ThisWork

Next generation high density Electrically Erasable and Programmable Read Only
Memories (EEPROMS) require an endurance in excess of 10° program/erase cycles
with 10 years data retention and low programming voltages. Two basic types of
EEPROMSs exist, namely, the floating gate device and the SONOS (Silicon Oxide
Nitride Oxide Silicon), as revealed in White's paper in 2000 [1]. The floating gate
device stores charge in the poly:silicon as free.carriers with a continuous spatial
distribution in the conduction band.and the SONOS stores charge in spatially isolated

deep level traps

Although the relatively thick tunnel-oxide in the floating-gate type memories
provides good 10-year data retention, the floating gate memory has limitations with
respect to scaling the cell size and program/erase voltages. However, the demand for
low power, low voltage electronics has accelerated the pace for nonvolatile
semiconductor memory circuit designers to consider SONOS for low voltage, high
densty EEPROMs. The motivation for the interest in SONOS lies in low
programming voltages, endurance to extended erase/write cycling, immunity to erratic
charge loss, capability of 2-bit/transistor [2]-[8] storage, and compatibility with high
density scaled CMOS technology.

In the past, many programming and erasing schemes have been studied for the



SONOS, such as CHElI (Channel Hot Electron Injection), FN tunneling
(Fowler-Nordheim tunneling) for programming and BBHH (Band-to-Band tunneling
induced Hot Hole injection) [8]-[9], FN tunneling for erasing in N-channel flash

memory cells. Either of them needs a higher voltage or lower speed of operation.

In thisthesis, FBEI (Forward Bias induced Electron Injection) will be employed
for N-channel SONOS flash memory cells. The performance and the reliability issues
based on this scheme will also be discussed. A new charge pumping method [10]-[15]
will be used to extract the charge profile in the nitride [16]-[19]. Meanwhile, the
charge profile during programming will also be detected. By using a three level
charge pumping technique, the electron programming mechanism will be discussed.
Finally, the reliability test for 2bit/cell operation will be compared between CHEI

programming and FBEI.

1.2 Organization of theThesis

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, including the operating scheme used to program the cells and the
measuring method for charge pumping. In chapter 3, we will introduce the
mechanisms for FBEI first and we will present the performance and the reliability by
using FBEI and BBHH later. In Chapter 4, we will explain the phenomenon of charge
pumping measurement, and we can make a V't profile versus the gate length based on
these concepts. Moreover, we will use this tool to calculte the trapping charge
characteristic during different programming time. In Chapter 5, a three-level charge
pumping is used to do the test, and FBEI programming mechanism is proposed; for

two-bit applications, the SONOS endurance and retention characteristics will aso be



discussed. In the last Chapter, the summary and conclusion will be given.




Chapter 2
Device Preparations and Equipment Setup

2.1 Introduction

This chapter is divided into four sections. First of all, the SONOS cells and the
split conditions used in this study will be described. Second, the instrument setup and
the experimental techniques to accurately control these instruments are illustrated.
Third, we will discuss the program schemes of these cells. Finaly, three charge

pumping measurement technique setup used in this study will be demonstrated.

2.2 Device Fabrication

Table 2.1 (@) shows the dielectric thickness of the SONOS memory used in this
study, and with several different channel widths andlengths, as shown in Table 2.1 (b).
Moreover, we often used #15 and #25, in‘which the tunnel oxide is first grown by
thermal oxidation with different thicknesses of 25 A and 50 A. Next, a layer of 60 A
LPCVD nitride film is grown. Finaly, the LPCVD block oxide is grown with

thickness of 70 A.

2.3 Equipment Setup

The experimental setup for the I-V and transient characteristics measurement of
SONOS isillustrated 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



(@)

SONOS 2nd Split

#15 [#17 | #20 [ #23 | #25

ONO =25/40/50
ONO =25/60/50
ONO =25/40/70
ONO =25/60/70 V
ONO =50/40/50 V
ONO =50/60/50 Vv
ONO =50/40/70 Vv
ONO =50/60/70 V

®

0.7/0.5
0.7/0.3
0.7/0.22
0.2/0.5
0.2/0.22
0.2/0.2
0.2/0.16

Table 2.1 (a) The split conditions of samples used in this work, in which devices
have several different ONO dielectric thickness
(b) Condition of samples with different channel widths and lengths
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Fig. 22 The experimental setup of the current-voltage and the transient
characteristics measurement in FLASH cells. An automatic controlled
characterization system is setup based on the PC controlled
instrument environment.



in SONOS cells can be easily achieved. As shown in Fig. 2.2, the characterization
apparatus with semiconductor parameter analyzer (HP 4156C), dual channels pulse
generator (HP 8110A), low leakage switch mainframe (HP E5250A), and a probe
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 resolution to 10°A
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
signas from the HP 4156C and the HP 8110A to device under test (DUT) in probe
station, automatically. In addition, the HT-Basi¢c are used as the program languages to

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

2.4 Programming Schemes

Thefirst schemeis atraditional program scheme, Channel Hot Electron Injection
(CHEI), used for electron injection in SONOS cell, where the gate and drain are
connected to pulse generator while source and substrate are grounded as shown in Fig.
2.3 (8). The pulse timing diagram for both gate and drain are shown in Fig.2.3 (b).The
second scheme is the main idea which we propose a new program scheme to inject
electron for SONOS cell applications, with the gate and drain are connected to pulse
generator while substrate is grounded and source is opened in Fig 2.4 (a). The pulse
timing diagram for gate and drain are shown in Fig 2.4 (b). The operation mechanism

and relevant measurement will be discussed after this chapter.
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Fig. 2.3 (a) The operation scheme for CHEI
(b) The timing diagram of CHEI
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2.5 Charge Pumping M easurement Technique Setup

The first scheme for charge pumping measurement technique setup is shown in
Fig. 2.5, which we call fixed base charge pumping, but with some differences 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 floating. Fig. 2.5 (b)
shows the pulse series type sending out from the pulse generator 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 drain side charge pumping current.
The second scheme for charge pumping measurement technique setup is shown in Fig.
2.5 once again. However, the pulse series typeisdifferent this time. As shown in Fig.
2.5 (c), we used the way similar to the traditional fixed top charge pumping pulse

series to do our measurement.

The third scheme is shown in Fig. 2.6, where the substrate, source and drain are
identically connected to the ground. Again, the gate terminal is connected to the pulse
generator in order to supply the new kind three-level pulse we needed, as shown in
Fig. 2.6 (b). Additionaly, to precisely control the pulse type of HP 8110A during
charge pumping measurement, a special measurement technique, added mode
measurement, is used. Fig. 2.7 shows the pulse series of the triggered pattern mode
outputted by Output 1 and Output 2. By taking these time diagram as an example,
with the use of added mode of HP8110A to combine the pulse of output-1 and

output-2, we can get the three-level pulse.

10



(@)

Vg floating
(or Icp,S)

I

Vg @ pulse

!

Ploy Si Gate

Top Oxide

Nitride

Tunnel Oxide

Voilgp
(or floating)

I

S

P-substrate

D

(b) Fixed base

(c) Fixed top \ ‘\ H

Fig. 2.5 (a) The operation scheme for charge pumping technique
(b) Fixed base pulse series sketch approach
(c) Fixed top pulse series sketch approach
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Fig. 2.6 (a) The operation scheme for three level charge pumping technique
(b) Three level pulse series sketch approach
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Chapter 3
Basic Resultson the Cell Programming

3.1 Introduction

In this chapter, first, we will introduce the mechanism about FBEI (Forward Bias
induced Electron Injection) for N-channel device. Then, we will show the optimized
bias conditions of operation, including the gate and drain voltages for FBEI and how

we enhance the injection capability and lowering the operation voltage.

3.2 The Operating M echanisms of FBEI

FBEI was modified from PASHE! (Pulse Agitated Substrate Hot Electron
Injection) [20]-[21]. The basic-concept-was coming from the SHEI (Substrate Hot
Electron Injection) [22]-[23] which was discovered at least two decades ago. Initially,
PASHEI has been used to program flash memory devices as well as to erase the
DINOR [21],[23],[24] floating-gate flash memory devices. Normally, to implement
the SHEI technique, an additional injector for emitting electrons is needed, which
increases the complexity or the process and the circuit design. PASHEI was firstly
used in the floating-gate devices, and it shows a great endurance characteristic and
lower voltage operation. In our current work, we modify the timing diagram of Vgat
time T, (see Fig. 2.4 (a) and (b) in Chapter 2), and this is the first time used in the
SONOS devices. In the present scheme, we can inject the electrons into the gate
dielectric nitride without the time T, of V¢ and it can be found that the scheme

exhibits some similar phenomena as CHEI (will be discussed in the next Chapter).

14



Fig. 2.4 (a) and Fig. 2.4 (b) in Chapter 2 show the schematic and timing diagram
of FBEI, during the electron emitting phase Ty, in which the Sub/D junction is
forward biased and electrons are injected into the substrate. Subsequently, the Sub/D
is reverse biased to create a deep depletion region at collecting phase T,, which will
cause the previously injected electrons in the substrate (those that have not been
recombined) to be accelerated across the depletion region and injected into the gate
dielectric. The electron injection mechanism during the collecting phase is the same
as the conventional SHEI, except that we use the drain junction as both the forward

biased emitter and the reverse biased injector in FBEI.

3.3 Measurement Results and Basic Char acteristics of FBEI

Figure 3.1 shows the characteristics of FBEI. asa function of emitting bias on the
drain for a given V= 6V. We-can observe that a forward bias of more than 1V is
needed during the emitting phase (Ty). before substantial injection takes place. Fig. 3.2
shows that a reverse bias of over 3.5V is required during the collecting phase (T,) for
efficient injection, due to the fact that hot electrons must surmount the barrier height
of the Si/SIO; interface (~3.1eV). The threshold voltage decreases while the collecting
voltage reaches 5V, since the lateral electric field is lager than the vertical electric
field. By using these two measurement result, we can choose an optimum operation

voltage.

The relationship between pulse rising/falling time and V; is shown in Fig. 3.3.
The strong pulse rising/faling time dependence can be seen herein, where the V;
drops about 2V for one order change of the rising/falling time. In Fig. 3.4, V; after

programming is plotted as a function of the emitting time, while the total pulse period

15



is kept at 10us. For emitting times longer than 2us, the programming rate seems to be
independent of the emitting time. The pulse count dependence is then investigated
with the results given in Fig. 3.5, where the total operating time is set to 1ms and
changing the pulse count, the more pulse count the higher V; is then achieved. One
can suggest that the injecting rate depends primarily on the pulse count, regardless of
the pulse period, at least within the range that we studied. These results imply that,
within some limits which remain to be determined, the injection rate can be increased

by raising the frequency of the pulse.

In Fig. 3.6, the transient behavior of FBEI can be investigated. As expected, the
higher gate voltage shows a faster injecting speed comparing to collecting drain
voltage. These results suggest that, if.fast injecting speed is important, one may use a
relatively high gate voltage toaccomplish that. On the other hand, if low-voltage
operation is important, one may. use a lower gate voltage, as long as the moderate

injecting speed is acceptable.
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Chapter 4
Characteristics of Localized Trapping Charge

4.1 Introduction

SONOS memory has received much more attention as one of the alternatives to
conventional poly-Si  floating-gate nonvolatile devices. Difference from the
conventional floating-gate flash memory, the storage sites of the SONOS memory
exhibit dielectric property, which means the trapped charge is isolated from the
neighboring sites. This SONOS concept has been evolved into a two bit-per-cell,
trapping storage, nonvolatile memory (NROM) technology. In charge trapping
memory, channel hot electron injection (CHEI) or channel initiated secondary
electron (CHISEL) injection is usually-|used for programming, by which means
electrons are injected and stored in a |ocalized region-of the silicon nitride layer along
the channel. Meanwhile, we found a similar localized charge trapping phenomenon

between CHEI and FBEI schemes.

To profile the actual stored charge distribution, several experimental methods
such as the current-voltage (I-V) measurement, the GIDL method, and the
charge-pumping method have been studied. In this chapter, a new different way of
charge pumping method is developed to detect the lateral distribution of nitride

trapped charge density and the V; profile.

4.2 Charge profilein view of FBEI and CHEI Schemes
4.2.1 Principle of Charge Profile by Charge Pumping Method
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The charge pumping method has been widely used for hot-carrier-related
reliability characterization in MOSFETs. During a typica 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
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 current (I¢p) is nonzero only
if the high level (Vi) and the base level (V) of the gate pulses cover both the

threshold voltage (V;) and the flat-band voltage (V) [14].

Unlike the conventional chargé pumping (CP) method, the other two basic ways
of charge pumping test to attain the profile scheme 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 ather one isthe fixed top CP (fixed top level and
varying the base level) method with also one side of drain (or source) floating, which

are defined as FVy, and FV, respectively.

In FV, CP method, the setup is shown in Fig. 2.5 (@) in chapter 2, the gate is
applied with a pulse string, as shown in Fig. 2.5 (b), and the |, can be measured from
drain or source side with source or drain floating respectively. When measuring the
charge pumping current I, 4 from the drain side, the minority carrier only contributed
from the drain side and vice versa with I, s. Therefore, we can obtain more precious
information about the drain and source side from I g and leps. By combining these
two currents, we can profile the asymmetrical V; along the channel for both virgin and

programmed cells.
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Figure 4.1 (a) illustrates the V, profile of a programmed nitride storage memory
cell, which contains a narrow V; peak near the drain side. Four regions are marked in
this figure, and they are consistent with the I, curve tested from FV, CP method in
Fig. 4.1 (b). Fig. 4.1 (b) corresponds to the drain or source junction areain Fig. 4.1 (a).
After programming, localized trapped charges enhance the threshold voltage near
drain side, which forms the asymmetrical V. profilein Fig. 4.1 (8). Therefore, the I¢pq
and I ¢ s curves shift toward the right, which corresponds to the regions B and C in Fig.
4.1 (b). The difference between curves B and C indicates the location and profile of
the injected charges. As Fig. 4.1 (b) shows, the injection is closer to the drain side. It
needs to be pointed out that |, keeps shifting rightward in region D, indicating a V
peak here. Moreover, I and Igpg0overlap inthis 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
same l¢gp g and I eps. Thus, in FV, CP.method, data-obtained in region D cannot be used
to extract the exact profile of V¢ in large current region. We can, however, extract the

accurate location of the peak using this method.

On the other hand, the equipment setup is similar to FV, CP method expect that
the top level of gate pulse string is a constant upon the threshold voltage. In contrast,
the I ¢, curve shift caused by the V, peak, takes place in the low current region and has
higher precision in FV; CP method. Fig. 4.2 (a) illustrates I, test with FVy CP method
in logarithmic scale. Correspondently, region B, C and D in Fig. 4.2 (a) and Fig. 4.1
(b) also can be seen herein. I, in region D can be used to extract the accurate profile
of narrow V; peak due to its low testing current. However, Vi, is set larger than the

highest V. aong the whole channel, and I, current tested from drain and source are
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identical. FV{ CP method can only extract the width and value of narrow V; peak but

cannot be used to identify the location.

4.2.2 Derivation of Local V, Distribution

Charge pumping technique was originally developed to detect the interface state
density of MOSFET devices. Today, it is possible to profile the lateral distribution of
interface state density N, (x) and oxide trapped charge density Q. (x) in the
MOSFET, using various charge pumping techniques [10]-[15][16]-[19]. However, we
observed that during much shorter hot carrier programming (microseconds of
milliseconds order) relative to hot carrier stressing (a few hundred seconds),
additional interface states are hardly generated and the injected charges are only
trapped within nitride layer in thet SONOS memory. Meanwhile, threshold voltage
distribution V,(x) of a device without electrical- stress can be obtained easily
because N, for the fresh devices is known to be uniform. Therefore, we can easily
find out the V,(x) of the SONOSmemory hot-carrier programmed shortly enough to
suppress additional interface states. Since the local V, (x) reflects the trapped charge

at the point of interest, we can know the nitride trapped charge density distribution

N ntr (X) .

To extract the profile, we should base on some assumption. First, we assume that
the interface trap density (including all the interface traps in the energy range of Si

band-gap contributing al to I¢,), N, , is spatially uniform along the channel. Second,

the charge in the nitride is aso spatially uniform for the virgin cell, thus the different

value of local V,(x) isjust due to the doping concentration in the substrate near the

n+-p S/D diffusion region. Therefore,

I Vi) =dfN;;Wx e h(V, -V, (x)) (1
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where g is the elementary charge, f the pulse frequency, W the effective channel width,

L the gate length, and h can be approximated as a step function which can be

1, ify>0
h(v) =
) {o, if y<0.

expressed as

This means that the N, (x) will give acharge pumping current at a certain V,

equalsto theloca V,(x).Thus

V, =V, (X) )

1y (V,) = N Wx. ©)

If the V, is higher than the peak value of, V(x) in the whole channel, &l the

interface along the channel will=pump”, so we can receive a maximum constant |,

|y o = AN (4)

Comparing (1) and (4), we can derive

= Hath) -

cp,max

In other words, each incremental AV, covers an additional incremental portion
of the channel, which gives an incrementa charge pumping current Al
corresponding to the interface traps in that portion of the channel, and the voltage V,
at which thisincrement occursisthelocal V, of that portion of the channel. Thus the
derivative of (1) with respectto V,

di, (V,)

RrVAR gfwN  x ® SV, -V, (X)) (6)
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where ¢, the Dirac delta function, reflects the distribution of interface traps over the
threshold voltage. While in theory a uniform channel should give a sharp peak of the
dl,(v,)/dv, versus V, plot, in general this curve exhibits afinite width due to the
laterally non-uniform distribution of V,(x) (i.e. caused by the doping concentration).
By using Eqg. (6) we can evaluate the I ma at the maximum value of the derivative

for the virgin cell.

For the programmed cells, Eq. (6) is not proper to evaluate the |, max because of
the nitride charge does not still uniform distribute, and the V, non-uniform
distribution is caused by both the stored charge and substrate doping concentration.
Instead, we can investigate the | ¢, max from the fixed top charge pumping measurement,
because of its maximum value is more stable than the fixed base charge pumping

measurement for us to select in our devices.

4.2.3V, Profileand Trapping ChargeAnalysis

Fig. 4.3 (a) and Fig. 4.3 (b) show the FV}, CP method measured from CHEI and
FBEI respectively. The charge pumping current measured from lgq and leps are
identical for the virgin cell. The right shift of Igs in low current region after
programming indicating a slight injection near source side. Both I, q and lgs are
overlapping at 2V indicating the location when the minority carriers, coming from the
drain or source, passing through the V; peak. Most important of all, Fig. 4.3 (a) and (b)
show dlI, (V,)/dV, versus V} curves, and we can obtaina dl, (V,)/dV, pesk for
virgin cell. It means that the maximum local V distribution is 0.6V and 1.1V for the
case of CHEI and FBEI respectively for the virgin cell. We would like to use this
technique, so we can easily define the | omax for the virgin cell and the V' distribution

will be given by using Eg. (3) and Eq. (5).
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Fig. 4.3 From the maximum value of dl¢,/ dV, we can define the Icp,max for the
virgin cells case (a) for CHEI writing and (b) for FBEI writing.
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In Figs. 4.4 (a) and (b), we show the fixed base charge pumping method for
CHEI and FBEI respectively, with different programming time to do the test. We can
find out that the drain side I using CHEI programming shifts larger than that of
FBEI. Therefore, for CHEI the charge stored in the nitride close to the drain should be
more saturated than that of FBEI. And in Figs. 4.5 (a) and (b), we show the fixed top
charge pumping method for CHEI and FBEI respectively. This time we can observe
that FBEI has more data under 10p than CHEI, which means that the “bump” of FBEI

is easier to sense than that of CHEI.

We used | ¢pmax for the virgin cell in Fig. 4.3, but in the programmed cell, we can
use the data of fixed top charge pumping measurement as a reference since the fixed
base charge pumping current increases gradualy in the high current region, and thisis
difficult for us to choose the | qymax-It IS better to choose two different Iy max to virgin
and programmed cells because of ithe-assumption: of uniform distribution of the
interface traps and inherent nitride charge for-thevirgin cell. Again, we can get the V;
profile by using Eg. (3) and Eqg. (5) as shown in Fig. 4.6. The location of the passing
through point from the source for the minority carrier was calculated to be 0.298 pm

for the case of FBEI and 0.283 um for the case of CHEI.

We can find the precise V peak value and width from fixed top charge pumping
method due to its sensitive low current region in logarithmic scale. Since the passing
through point for the minority carrier is taking place at 2V, so we just need the data
beyond 2V. Figs. 4.7 (a) and (b) show the V; peak for FBEI and CHEI. Finaly, we
insert the V; peak in Fig. 4.6 (a) and 4.6 (b), we can obtain the whole V; distribution
for the virgin and programmed cells as shown in Fig. 4.8. The peak of FBEI is closer
to the drain than that of CHEI.
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Fig. 4.4 Fixed base charge pumping measurement tested from drain and source,
with different program time, (a) for CHEI and (b) for FBEI respectively.
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4.2.4 Trapping Charge Behavior During Program

One of the applications by using the charge pumping method to obtain the charge
profile is to observe the behavior of the trapping charge during programming. This
application will be a powerful tool for us to clearly know more about the mechanism
and the characteristics of the programming charges inside the nitride. Figs. 4.9 () and
4.9 (b) show the Vr profile after FBEI and CHEIl programming, and different

programming time are used to do the test.

As we can see, some differences between FBEI and CHEI programming are
found and some are cross-checked. First, we can find out again at the same program
time the peak width of the FBEI .are much wider.than that of the CHEI, which was
compared in Fig.4.8. Second, the charge distribution near the drain side for the case of
CHEI grows much faster than the case of FBEL..It will be explained later in Chapter 5
(two bits) why the V1 of 1ms CHEF pregramming is higher than that of FBEI and the
location of charge storage will also be discussed. Finally, the most important dynamic
analysisisto prove that the injecting direction of FBEI and CHEI are different. Let us
throw our thoughts back to section 2.4 the programming scheme and as we know, the
way CHEI programs is by accelerating the carrier until it is “hot” enough and then
collide to the right direction to accomplish the injection. Unlike the CHEI, the way
FBEI accelerate carrier is by using the forward bias at the program side and using
positive gate bias to instantaneously suck the electrons up to accomplish the injection.
The sketch map of CHEI and FBEI carrier injection assumption, as shown in Figs. 2.3

and 2.4 respectively, is now verified by direct measurement.
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4.3 Temperature Effect on Read Current

4.3.1 Principle of Temperature Effect on Read Current

The temperature effect on the read current of a two-bit nitride storage Flash
memory is investigated [25]. The characteristic of current-voltage (I-V) measurement
has been a basic indicator of reading tool in all sorts of memories. With the addition
of temperature, we gain more acquaintances about the storage charges. Besides, for
commercial applications, cell operation at temperature up to 85°C is required. The
maintenance of sufficient read current window is necessary in a wide range of

temperature.

Fig. 4.10 shows the Ip-V curves of the cellsin erase state and program state at
room temperature, and high temperature respectively: Here, if we read the data of the
cell at V=3V, the read current window isabout:8.77 UA at room temperature. But the
read current window reduces to 7 UA when the cell operates at 85°C. The degraded
window may cause an error during data sensing at high temperature especialy when
the other reliability issues [26]-[27] are also taken into account. We can aso see from
the figure, it is found that the window narrowing mainly comes from the read current

increment in the program state.

When a MOSFET is operated at high temperature, two mechanisms will affect
the read current of device. One is the threshold voltage lowering, and the other is the
mobility degradation [28]-[29]. The former mechanism may increase the currents in
subthreshold and weakly on regions while the later mechanism may degrade the

currents in fully on region. As a result, there is usually a crossover between the |-V
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curves of device measured at room temperature and high temperature. In Fig. 4.10,
the crossover behavior of the erase state cell happens at about Vg = 2.6V, and the
current increment is insignificant in the weakly on region. But for the cell at program
state, which has locally programmed charges at source side, the crossover behavior
does not appear even when the applied Vg is as high as 3.5V. Because the impact of
our 85°C measurement on trapped charge profile is confirmed insignificant, it is
inferred that the localized distribution of programmed charges enhance the
subthreshold leakage current and results in a larger shift of ID-VG curve at high
temperature. Thus, a delayed crossover point and a larger drain current increment are

observed at the program state.

4.3.2 Experimental Results.and Discussion

Fig. 4.11 shows not only the |-\V.:curvestepresenting fresh states, erase states and
program states, but also the temperature effect-onread current at different temperature,
25°C and 85°C. The shifting of the Vs, comparing to the fresh state, in region (1) and
(2) are a manifestation of the magnitude of the stored charges for bit-1 and bit-2
respectively. At the same temperature, 25°C, we can briefly say that CHEI
programmed more charges than FBEI did not only at bit-1 but also at bit-2, which
stands for CHEI will have narrower read window than FBEI as shown in region (3).
Furthermore, comparing to 85°C, CHEI degrades much more Ip than FBEI by the
localized distribution of programmed charges which enhance the subthreshold leakage,
as was discussed in the last section. In short, for commercia applications, it is easy to
see that with the use of CHEI in high temperature, reliability will go worse after
long-term operating stress such as P/E cycle, which probably bade much narrower

window during the stress.
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Chapter 5
Reliability Analysis of Endurance and Retention

5.1 Introduction

In a conventional SONOS cell, programmed charges are stored uniformly in a
nitride layer. This SONOS concept has recently evolved into a localized trapping and
two-bit storage cell, such as NROM technologies. Channel hot electron (CHE)
injection or channel initiated secondary hot electron (CHISEL) [30] injection is
usually used for programming, since electron are injected and stored in a localized
location in the silicon nitride layer aong the channel. In most cases, band-to-band
tunneling induced hot hole (BBHH):injection. is usually used to erase the charge
trapping memory, under which condition:the drain is positively biased with the gate
negatively biased. The injected-holes may have different positions and ranges, which
will cause the behavior of mismatch with the injected electrons. Furthermore,
different location of charge distribution has different impacts on the cell’s read

characteristics, programming/erasing (P/E) performance and reliability.

In this chapter, we will also adopt BBHH to investigate the impacts after CHEI
or BBEI, which also exhibit the localized characteristics presented in previous
chapters. Finaly, we will propose a well combination for programming and erasing

schemes.

5.2 Three-Level Charge Pumping
5.2.1 Principle and Motivation of a Three-L evel Charge Pumping



Charge pumping (CP) is atechnique for studying traps at the Si-SIO, interface in
MOS transistors. Compared to the traditional two-level techniques, an alternative
approach, three-level CP, offers the possibility to obtain the interface trap parameters
(emission times, interface trap density) as a function of the trap energy position in the
silicon band-gap without any hypothesis concerning the values of trap capture cross
sections [31]-[33]. A pulse with an additional level duration, t, (hold time), is shown

in Fig. 5.1 and is used to control the emission of electrons or holes.

In our near future work, three-level charge pumping method is used to separate

the Ni; and Nox, Which is hard to obtain using the traditional charge pumping.

In this section, the basic principle of the three-level charge pumping is described,
some questionable assumptions are also- discussed,.and some phenomena different
from two-level charge pumping are found. The experimental setup for the three-level
charge pumping measurement is shown in Fig.2.6, where the three-level gate pulses
are provided by a HP 8110A pulse generator, and a HP 4145C parameter analyzer is
used to monitor the charge pumping current from the bulk. In this work, the
source/drain and substrate el ectrodes are always grounded to prevent any undesirable

stress caused by measurement.

Thetotal three-level charge pumping current can be written as

I, =q-W-f -jOL N OOIX oo, (53)

where W is the channel width, f is the gate pulse frequency, Ni; (X) is the local

interface state density per area, and the integration from zero to L gives the lateral
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length that contributes to the charge pumping current. Note that only the region where
the surface potential fully swings from accumulation to inversion would contribute to
the charge pumping current which is quite similar to the traditional one. Based on this
fact, the separation of interface states and the oxide trapped charges on the Si-SIO,

interface can be achieved.

First of al, the motivation of the experiment is described as follows. As shownin
Fig. 5.2, the pulse generator gives a series of pulses with the base-level fixed at Vow
and varying high-level Vyign starting from a value slightly larger than Viighmin t0 @
fixed high-level Vpighmax, like the traditional charge pumping, to ensure that the charge
pumping current is able to reach its saturated value. Different from the previous CP
method, as shown in Fig. 5.1, amiddle-level Vmgis added so that thereisagap Vgep1
between Vhigh and V mig (V step,1 DEIWEEN Viow @nd V mig). There is aso ahold time at the
Vmig. After this step, the charge pumping. current-attributed by the region of the
channel can be measured. The results.of two.different pulses are shown in Fig. 5.2.
The Vg Of the two pulses are both sweeping from OV to 4V, with afixed Vo, Of -1V
and a fixed Vgep,1 Of 2V. Besides, one of the pulses has 125 ns hold time with duty
cycle 25%, i.e. 250 ns for Vyigh, While the other one has no hold time but with duty
cycle 37%, i.e. 375 ns for Vpgn. Note that the two pulses have the same “charging
time’, 375 ns, but the voltage is a little bit different. In addition, also shown in Fig.
5.2, the curve of three-level charge pumping behaves like a standard fixed base charge
pumping curve, which consists of a rising edge and a saturation region with the

saturation value.

The comparison between different hold time of Ons, 125ns, and 250ns, with the
same duty cycleis shown in Fig. 5.3. The most important phenomenon in Fig. 5.3 is
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Fig. 5.2 I as afunction of Vg but with conditions, 125 ns hold time with duty
cycle 25% and no hold time but with duty cycle 37%.
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the difference of the three curves after the crossover at 2.3V. It shows that with
different holding time, we can get the slight differences of I¢,. To take a further study,
by sweeping the hold time from 0 ns to 250 ns with the fixed voltage, 6V, 4V and 1V
for Vign, Vmia and Vo, respectively, the result is shown in Fig. 5.4. This curve is the
core of the main idea how we distinguish the interface states (Ni;) from the

oxide-trapped states (Nox).

The current with different hold time measured by the three-level charge pumping
is shown in Fig. 5.4. As we can see, there are four parts in the curve. In part (a), I
decreases rapidly as the hold time rises from Ons to 40ns. Holes fill up the Ni; and Nox
during Viow, and during Vrigh €lectrons recombine with the holes and be trapped in the
Nit, Nox to get the maximum |, at Ons. However, as the hold time becomes longer, the
emission of holes increase exponentialy and some of the holes are recombined by the
electrons during Vmig Simultaneously; white most of them are recombined during Vhign
bias. I, will keep on decreasing until-a turning point which comes to the part (b), and
then rises up as the hold time goes on. This turning point is because the holes
discharge is up to a maximum. Thus, with the recombining speed of the electrons at
the Vg bias still continue plus hole discharge no more, the I, at (b) zone will raise
until the recombining speed of the electrons at V mig bias goes to maximum, too. With
no increase discharge and no increase recombination, the I, stays in the same level at
part (c). After along term of stable I, in part (c), it will rise again at part (d). This
time I, rises is because of the filled electron discharge lesser as the hold time goes on.
Two phenomena are noticeable. |, maximums are not the same when hold time is Ons
and 250ns; there is no turning point on the right side of the curve. Because the
mobility of electron is much faster than that of the hole, so that the discharging
behavior and the recombination will not be the same.
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5.2.2 Experimental Results and Discussion

We used three-level charge pumping method to measure trap numbers and wish
to understand more about the reliability of the SONOS bottom oxide during P/E cycle.
Some of the experimental results will be discussed, and model of the programming

mechanism will also be proposed.

In Figs. 5.5 (@) and (b), the device was progranmed by CHEI and FBEI
respectively and erased by BBHH (P/E cycle) severa times. After erasing, it was
measured by the three-level charge pumping as shown in the above. Obviously, there
are severa differences between the two illustrations, we will abstract some of the data
and show them in the following figures. One of:the obvious characteristic is that the
amount of I, is proportional ta:the P/E cycles. As shown in Fig. 5.6(a), we took the
|, data from region | in Figs. 5.5 and-transformed into N;; by the eguation 5a. The
excess Nj is the traps produced by the P/E stress with a order of 10™. Furthermore,
Fig. 5.6(b) shows the device measured by the traditional charge pumping and is to
compare with Fig. 5.6(a). As we can see in both Fig. 5.6 () and (b), there is the same
tendency that the more P/E cycles, the more N;; generated. Most important of all, the
excess traps caused by CHIE increase faster than those of FBEI. In short, CHEI
produces much more traps than FBEI does during P/E stress which is not good for the
reliability. Another overt characteristic that the |, slope of the hold time between 200
ns and 250 ns is quite different for CHEI and FBEI, as shown in Fig. 5.5 Region I1.
The dope is amost the same for FBEI, but not for CHElI whose slope becomes
steeper every time after a P/E cycle. As shown in Fig. 5.7, we transform the I, of
Region Il into Nj; again, but this time, this N;; stands for the interface-states which

order is about 10°. Comparing CHEI with FBEI in Fig. 5.7, we can find out that
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although FBEI creates more excess N;j; in the beginning, the excess N;; caused by
CHEI grows faster than that of FBEI again, which means CHEIl creates more

interface-states than FBEI in the long-term operation.

Fig. 5.8 shows the band diagram of the SONOS during program. Two paths of
electron injection that will produce damages are considered. Path (3) is the way for
electrons going directly through the bottom oxide which is usually called direct
tunneling (DT) mechanism. Path (2) is the way that electrons first jumping into the
oxide-trapped states, and then going through the bottom oxide, which is often called
trap-assisted tunneling mechanism. The locations of the traps are what we are
interested. Direct tunneling obviously creates the traps at the interface between Si and
SO, called Nj;; trapped-assisted tunneling creates the traps more inside the bottom
oxide called Nox. Except for: tunneling “mechanisms mentioned above, another
tunneling mechanisms called thermal. emission; allows the electrons to jump over the

oxide without damaging it.

From Figs. 5.6, Fig. 5.7, Chap 4, and the paths discussed above, we can now
conclude that electrons prefer the path (2) CHEI programming mechanism. As we all
know, CHEI programming mechanism is called “Lucky electron model”. Without
enough energy, electron will not jump over the barrier. Even having enough energy,
electrons do not tunnel without a correct direction, and that is why more damage is
caused at the inside than the outside. Furthermore, with the more injection, the more
damage will be created. On the other hand, the electrons programmed by FBEI might
choose path (3) in the beginning, but they seem to have more energy than those of
CHEI so that they may also choose the path (1), jJumping across the oxide without

creating a trap. Thus, even though P/E cycle times are the same, FBEI will cause less
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damage either inside or outside the bottom oxide, which makes FBEI have better

reliability than CHEI.
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5.3 Reliability Analysis of the Two Bits per cell Operation
5.3.1 The Scheme and M echanism of BBHH

Band-to-band tunneling induced hot electron (BBHH) is employed in a
P-channel cell which was firstly proposed by T. Ohnakado [34]-[35] for the
application of the method to DINOR (Divided bit-line NOR) program operation. For
N-channel cell, band-to-band tunneling will induce hot hole injection, and by using
this method we can erase either N-channel SONOS or floating-gate flash memory
cells. The operation scheme and band diagram are shown in Fig. 5.9 (a) and Fig. 5.9
(b), respectively, in which a positive drain voltage and a negative gate voltage are
applied to the cell. The energy band diagram illustrates the band-to-band tunneling
process in silicon in the gate/drainsoverlap region where a deep-depletion region is
formed. Electron-hole pairs are-generated by the tunneling of valence band electrons
into the conduction band due to the high electric field induced band bending. The
holes are accelerated by alateral electric field toward the channel region and some of
them obtain high energy. The injection of such hot holes into the nitride through the

tunnel oxide is used for an erasing method to eliminate the localized trapped el ectron.

5.3.2 Proposed Program/Erase schemesfor operation

With the understanding from the last section, we will propose a logic
programming/erasing schemes, i.e.,, using FBEI for programming and BBHH for
erasing operation, since FBEI has rather fast injection characteristic and low voltage

operation so that it is suitable for programming.
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(b) The energy band diagram illustrates the band-to-band tunneling
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generated by the tunneling of valance band electrons into the
conduction band and hole surmounts the oxide barrier into gate
nitride. Electron is collected by the drain terminal.
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5.3.3 Applicationsto Two Bits per cell Operation

First, we obverse the basic characteristics of P/E cycling combined with BBHH
and FBEI in one bit per cell operation, as shown in Fig. 5.10. Not only the
phenomenon of window closure is eliminated but also has a wider operation window
about 3V. The data retention characteristic has been investigated in Fig. 5.11, in which
about 2.8V window for 10 years after 10* cycling at room temperature cane be

maintained.

Some of the two bits per cell issues such as cycling endurance and retention have
been discussed [4][26]-[27]. However, we think that because some of the analysis
from the above results of the experiment, FBEI: could be another candidate for two
bits storage operation due to its better characteristic. Moreover, we have proved that
the localized charge behavior programmed by FBEI-is much closer to the drain than
CHEI in Chapter 4, by using the profiling techniques and 1-V measurement with
temperature effect. In this segment, we suggest this new programming method is an
efficient instrument for two bits per cell applications, and in the following we will

discuss the phenomena of two bit per cell operation for FBEI and CHEI.

First of al, a specific configuration with both source and drain tied together and
by applying a higher voltage between S/D and gate will perform the injection of holes
into the nitride layer, is shown in Fig. 5.12, with the so-called BBHH which can erase
the cells to the low state. The energy band diagram had been discussed in section
5.3.2. Fig. 5.13 shows V1 as afunction of V ey for bit-1 and bit-2. With the same V reqq,
1V, FBEI can reach 1V window at the state of programmed bit-1 and erased bit-2

compared to CHEI ones which can only reach 0.8V window. A smaller read drain
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voltage will lower the read disturb issues during long term reading. Consequently, it is
an advantage, again, for FBEI comparing to CHEI to be a better choice for two bit per

cell operation.

Fig. 5.14 (a) shows the bit-2 transient for FBEI and CHEIl after bit-1 is
progranmed. Although CHEI has faster bit-1 programming speed, longer bit-2
programming time (~10m sec) is needed. On the other hand, using FBEI
programming, it only needs ~1m sec reaching to the same high state as bit-1. In other
words, shorter time is needed using FBEI to program bit-2, compared to CHEI
programming, which again shows FBEI’s advantage of the two bits applications. The
physical mechanism why CHEI needs more programming time than FBEI was shown
in Fig. 4.8, which the trapped charges at bit-1 will affect the charge inversion and
acceleration in the channel near the drain side, such that will make the CHEI bit-2
programming time longer. Furthermore;in Fig.-5.14 (b), this mechanism proves again
that 1ms FBEI programming time for bit-2 IS still unchanged even if bit-1 is

programmed by CHEI.

5.3.4 Endurance and Retention of 2-bit Operation

The cycling characteristics are shown in Fig. 5.15 (a) and Fig. 5.15 (b) with
CHEI programming and FBEI programming, respectively, in which good endurance
behavior is achieved. Both the célls, in Figs. 5.15 (a) and 5.15 (b), are programmed
with 1 msec and the cycle sequence is program bit-1 => program bit-2 => erase bit-1
and bit-2 together, as shown in Fig. 5.12. The data retention after cycling is shown in
Figs. 5.16 (a) and 5.16 (b), where an acceptable value of the four different states is

achieved after 10 years. The retention behavior of cell is programmed by CHEI and
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FBEI, respectively, which has shown better retention for FBEI. As we can see, FBEI
still has 1V window after ten years in Fig. 5.16 (b) and is larger than the window of
CHEI retention (~0.5V) in Fig. 5.16 (a). More importantly, the retention behavior can
shows the reliability of the SONOS bottom oxide, which leads to with the using by
FBEI scheme, less damage can be caused. In short, for the 2 bit per cell operation, the

new scheme exhibits much better retention and endurance characteristics.
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Chapter 6
Summary and Conclusion

SONOS devices with trapped charges in the nitride layer have received much
more attention, since SONOS non-volatile-memory devices are inherently free from
drain to floating-gate coupling and are able to show a 2-bit/cell storage scheme that
utilizes different physical locations to store the injected charges. In this thesis we
proposed a new scheme for electron injection (FBEI). Comparing to PASHEI, FBEI
has similar behaviors since they are pulse number dependence. Moreover, FBEI and
CHEI are very promising since they make the device be able to operate as a 2-bit/cell,

due to alarge number of charges stored in the specific regime of acell.

First, we used the I-V measurement.with-different temperature to observe the V;
shift, both forward read (FR) and reverse read (RR), after CHEI and FBEI writing.
FBEI shows better window betweenthe difference of FR and RR than CHEI, and the
bigger window is still unchanged after-85°C during the reading process. By using FVp,
CP method and FV; CP method, we can extract the V+ profile, in which it reveals that
most of the charge distributions are close to the drain for FBEI and CHEI. However,
the stored charge after FBEI writing shows more concentrated near the drain side than
CHEI. Because of this characteristic, it proves and explains again why the window of
FBEI islarger than that of CHEI. Moreover, from the method as above, we can obtain

the injection direction for both FBEI and CHEI during programming.

Then, we utilized a three-level charge pumping to recognize the programming
mechanism. After the measurement, we made an inference of the programming
mechanism. With the illustration of the band diagram, we think that most of the

charges injected by FBEI might jump over the tunnel oxide barrier. And, the charges

71



injected by CHEI will tunnel through the bottom oxide and bump into the nitride as
lucky electron model which will cause more damage than FBEI. Therefore, FBEI has

better reliability than CHEI does.

Furthermore, based on the experimental results, it was found that FBEI might
become a new candidate for 2-bit operation. Thus, we also made the study on 2-bit
operation for FBEI comparing with CHEI, with a specific configuration with both
source and drain tied together to erase by BBHH (Band-to Band induced Hot Hole),
which is utilized to neutralize the stored electrons. The transient characteristic of the
second bit shows that we can obtain faster programming speed by FBEI than CHEI.
Even though the first bit is programmed by CHEI, programming FBEI on the second
bit can still make it faster than CHEI on the second bit. Finally, we can receive a
better endurance for FBEI after 20* P/E.cycle and data retention (~1V for program

and erase state) for 10 years.
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