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Abstract

Trapped Charge Characterization of
SONOS-type Devicesusing a Novel
Gate-Sensing and Channel-Sensing (GSCYS)
Method and Pulse-1V Technique

Sudent : Pei-Ying Du Advisor : Prof. Tiao-Yuan Huang
Dr. Hang-Ting Lue

Department of Electronics Engineering and Institute of Electronics
National Chiao Tung University

ABSTRACT

This dissertation is devoted to study the charge trapping characteristics of SONOS-type
devices extensively by several hew techniques and provide in-depth physical understanding.
Although SONOS-type devices are forecasted to be the promising solutions to continue the
Flash memory scaling due to their excellent scalability and few-electron storage capability,
the fundamental understanding of the nitride-trapping behaviors is still very limited. In this
dissertation, we first proposed a novel gate-sensing and channel-sensing (GSCS) method,
where an additional GS capacitor is used to compare with the conventional CS one. Sensing
in both modes provides two equations that are suitable to solve for two variables — the total
trapped charge density (Q) and the average charge vertical location (x). This method does not
need complex equipment or artificial fitting in comparing different samples, thus provides a
very simple and powerful method to characterize trapped charge. Through this method we
could monitor in “real-time” the trapped charge location and intra-nitride behaviors during
programming/erasing as well as retention reliability test. We also clarified that the electrons

are mainly distributed inside the bulk nitride instead of the interfaces between oxide and
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nitride. Furthermore, the capture efficiency of various stacked nitride-trapping layers,
intra-nitride transport, and reliability issues were investigated in detail.

Based on GSCS method, we also provided a systematic method to distinguish the erase
mechanisms by hole injection from that by electron de-trapping for SONOS-type devices.

In addition to GSCS method, we also developed a new Pulse-1V technique for memory
applications and fast trap characterizations. Pulse-1V techniques have been developed recently
to characterize traps in highgate dielectrics of CMOS logic devices. In our work we have
improved this technique to apply in memory characterizations. The transient tunneling
currents of various SONOS-type capacitors have been studied in detail, and we found that the
tunneling current relaxation is well correlated to charge trapping and memory structures.
Moreover, the power of this pulse-IV is fully demonstrated when studying SONOS-type
transistors with very fast tunneling - injection. Our pulse-IV technique can accurately
characterize the transistors immediately after programming/erasing without read disturbance
and provide accurate «=device |characterizations 'within microsec@s)l (This new
characterization method “also “opens™ a new -path to study quasi-non-volatile memory

applications.
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Chap.1, Introduction

1.1 Non-volatile Memory Review

Generally speaking, semiconductor memory can be split into two main categories:
volatile and non-volatile, as illustrated in Fig. 1\Vblatile memory loses its data as soon as
the power is turned off while non-volatile memory does not lose its data even when the power
is turned off. Due to this permanent storage characteristic, non-volatile memory has been
widely used for data storage in electronic products, and there have been many related studies.
In this chapter, we will focus on the non-volatile memory.

According to the storage materials, non-volatile mmgntan be divided into two classes.
For the first class, the injected charges are stored in a conducting or semiconducting material
which is completely surrounded by insulators, as shown in Fig. 1.2(a). Since the storage
material acts as a completely electrically isolated gate, we call this kind of memtwgteg f
gate (FG) memory [1.1-1.2Dn the other hand; for the second class, the irjettiarges are
stored in “discrete” trapping_centers of a.dielectric. materinbtead of conducting or
semiconducting material, as illustrated in Fig. 1.2 (b). Due to this charge trapping
characteristic, we call this kind of memory. &suge-tapping (CT) memory [1.3-1.4].

In this section, we will" first- review the history of non-volatile memory and then

introduce the evolution and restrictions of SONOS memory.

1.1.1 Historical Review

The first non-volatile memory device was proposed by D. Kahng and S. M. Sze in 1967
[1.5], and the possibility of non-volatility in MOS-type device was also first recognized.
Figure 1.3 illustrates the proposed non-volatile memory. They used layered structure (from
bottom to top: thin oxide,lfloating metal M, thick oxide $, and metal gate W to replaced
the gate dielectric of conventional MOSFET. Since thetaminsulator-netal-insulator-
semiconductor structure, it was called MIMIS memory.

The program/write operation can be performed by applying a positive voltage Th&/
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high e-field in the 4 could provide sufficient electron tunnelingré@tt unneling, DT), and
then these injected electrons are "captured" insiMice the thick .l could block injected
electrons from discharging to ™M When the gate voltage is removed, the electron
out-tunneling is blocked by land }, therefore, these captured electrons will stay in floating
gate. On the other hand, using the same tunneling mechanism (DT), the captured electrons can
be removed from the floating gate by applying a negative voltage ferlslse operation).

However, the operation (DT) of MIMIS memory needs a very thin oxide (< 2.5nm)
[1.6-1.7]. It is difficult to fabricate such thin oxide without any defect. Moreover, any pinhole
in 11 will leak all the stored charges in;Mue to its conductive property. Due to these issues,
this MIMIS memory could not be realized at that time. However, MIMIS memory still was a
pioneer in the non-volatile memory industry.

There are two possible solutions to solve the issti®4IMIS memory. One is replacing
the My by a charge trapping dielectric, and anther is increasing the thickness of |

For the first solution, mtal-ntride-oxide-semiconductor (MNOS) memory was
introduced in 1967 by Wegener et al [1.8], as"llustrated in Figiithe MNOS, the Mand
I, in MIMIS are replaced by "nitrideswhich has “discrete” trapping centers, therefore, the
pinhole in | will not cause trapped charges to leak Otlis device is programmed by
applying a high positive voltage to the gate, so electrons tunnel from the Si conduction band
to the nitride and are then trapped into the trapping centers. On the other hand, erase is
achieved by applying a high negative voltage to the gatdhat holes tunnel from the Si
valence band and are then trapped into the trapping centers.

For the second solution|ofiting gate_walanche injection MOJFAMOS) was first
proposed by Frohman-Bentchkowsky in 1971, as illustrated in Fig. 1.5 [1.9-$ifhté the
tunnel oxide of FAMOS memory is thicker (~ 100nm), DT is excluded. Therefore, special
program and erase are needed. Program is performed by biasing the drain junction to
avalanche breakdown (> 30V), such that the electrons in the avalanche plasma can inject
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from the drain region into the floating gate. On the other hand, erase is carried out by
ultraviolet (UV) or X-ray.FAMOS memory finally evolved intolectrically grogrammable
read-aly memory (EPROM).

However, FAMOS memory had some drawbacks such aéicieat program and
inconvenient erase, and that could be improved by several methods. For exantpleked s
gate_@alanche injection MOSSAMOS) memory [1.12-1.13], an external gate is added, as
illustrated in Fig. 1.6. The external gate can further improve the programming efficiency.
Moreover, electrical erase also became possibleety émission through the top dielectric.
Therefore, _kectrically-erasable _ppgrammable _ead-aly memory (EEPROM) products

became feasible.

1.1.2 Evolution of SONOS Memory

The first CT memory based on nitride’ trapping layes proposed for more than 40
years. The charges (electrons/hales) are injected from rdlamto nitride by tunneling
through an ultra-thin oxide (typically 1.5 to“3nm).. Typically, the trapped charges can be
maintained in nitride for at least:10 years-if the nitride can be isolated perfectly.

The first product level nitride based CT memory was available in 1975 by P-channel
MNOS [1.14], as illustrated in Fig. 1.7(a). It consists of aluminum (Al) gate electrode, 45nm
nitride charge trapping layer, and 2nm tunnel oxide. However, this memory had several issues.
The first one is the high operation voltage (25-30V) because of its thick gate stack. The
second one is the large standby current since the p-channel device is in depletion mode when
there are electrons stored in the nitride. Moreover, the most important one is the metal gate
which is the terribly pollutant in IC fabrication. Therefore, finding other material to replace
metal gate was necessary.

The most important breakthrough for CT memory was the development of the Si-gate
n-channel_#icon-nitride-oxide smiconductor (SNOS) in 1980 [1.15], as illustrated in Fig.
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1.7(b). Scaling down the nitride thickness (25nm), the operation voltage can be reduced to
14-18V. However, if we further scale down the nitride thickness, the channel injected charges
may directly tunnel out to gate, or the trapped charges may de-trap to gate. Moreover, the gate
injected charges may also affect the stored charges in nitride.

These issues can be eliminated d by providing atleosn top of nitride, as shown in Fig.
1.7(c), and we called it as SONOSIi¢en-oxide-ntride-oxide-miconductor) memory
[1.3,1.16]. Due to the insertion of top oxide, the nitride thickness can be further reduced to
5nm, and the operation voltage can be around 10V. Figure 1.8 shows the program/erase
operations of SONOS memory. Under +10\&® +10V, Vs = Vp = Vg = 0V) programming,
the channel electrons can inject into nitride by DT, and are then trapped into trapping centers.
On the other hand, under —10Vd¥ —10V, Vs = V= Vg = 0V), the channel holes can inject

into nitride to compensatefor trapped electrons.

1.1.3 Value and Restrictions of SONOS Memory

The rapidly growing .market' share“of memories has brought about competitive
development of memory technologies.-Among- different types of memories, Flash memory
has become extremely attractive due to its significant advantages such as non-volatility,
repetitive electrical program/erase capability, high density, low cost, low power consumption,
high speed, high endurance, and long data retention [1.17-1.19]. The most particular feature
of Flash memory is that the content of the whole chip can be cleared in one step, so called
“Flash” memory.

Conventional Flash memory using floating gate (FG) device has become the major
product in non-volatile memory since 1990s, however, the high voltage operation and the
scaling limitation have prompted the search of new Flash memory design. The most
promising structure is SONOS because of the good scalability, simple process, and low
voltage operation [1.20-1.22]. Since the nitride has “discrete” charge-trapping characteristic,
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the insulating oxide layers can be further scaled down without pinhole effect, and the
physically 2-bits-per-cell operation is allowed (NROM concept) [1.23-1.25]. Moreover, it also
offers immunity to_sess-nduced_éakage_orrent (SILC) and provides good few-electron
storage capability. On the other hand, SONOS is also a candidate for embedded memory
applications because its processes are compatible with conventional CMOS technology,
except for the formation of thexmle-ntride-oxide (ONO) dielectric stack.

However, the thin tunnel oxide in SONOS still causes some problems due to the
considerable direct tunneling leakage under low e-field. This can be explained by the
simulated hole tunneling current density) (s. tunnel oxide e-field () curves with various
oxide thickness, as shown in Fig. 1.9. To enhance required erase current densf#/¢mi)0
under reasonable erase field {~11MV/cm), a very thin tunnel oxide (< 25A) is necessary.
However, a conflict to data retention performance will be suffered because at low e-field the
direct tunneling leakage. can not be avoided. This means that there is no single tunnel oxide
thickness that can satisfy-both fast erase speed and/good data retention.

Recently, a novel dnd-gap_rgineered"SONOSBE-SONOS) memory was proposed
[1.26] to provide high erase speed as-well as excellent data retention. Figure 1.10 shows that
in BE-SONOS a composite ONO tunneling barrier is applied to replace the traditional tunnel
oxide in SONOS. This ONO barrier has different functions for program/erase and data
retention, as shown in Fig. 1.11. Under high e-field (Fig. 1.11(a)), the band offset happens so
that the barrier height of N1 and O2 are almost screened, then the holes can directly tunnel
through the O1 (13A). On the other hand, at low e- field retention state (Fig. 1.11(b)), both
electron de-trapping and hole external tunneling can be completely suppressed by the total
barrier stack (O1+N1+02). Based on such band-offset effect, the thickness of ONO barrier
becomes variable and adjustable for the required high-field hole tunneling current and
low-field retention criteria, so that the device performance can be further optimized.
Therefore, BE-SONOS is promising for next generation non-volatile memory.

6
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1.2 Motivation and Objectives of Research

Although SONOS memory has turned into productsutigerstanding of trapped charge
behaviors is still limited. Since the trapped charge behaviors govern the device performance
and reliability of SONOS memory, characterizations of charge-trapping behaviors are the
crucial needs to optimize the device performances.

In this dissertation, we proposed several new techniques to extensively investigate the
charge trapping behaviors of various SONOS-type devices, including SONOS, BE-SONOS,
SONS (SONOS without top oxide), SNOS (SONOS without bottom oxide), SNS (SONOS
without top and bottom oxides), and Top BE-SONOS (an upside-down BE-SONOS). We wish

to provide in-depth physical understanding of trapped charge behaviors.

1.3 Dissertation Organization

The organization of this dissertation is briefly described below.

Chapter 2 introduces’the basic of SONOS-type memory. The basic operating principle
and models used in this dissertation-are-introduced. The main charge transport mechanisms
for device operations are also discussed in detail. Moreover, we summarize some papers
which investigated the trapped charge locations for both lateral and vertical directions.

In chapter 3, the principle of our noveltg-£nsing and ltannel-gnsing (GSCS) method
is discussed in detail, including the theoretical equations, sample preparation, basic device
characteristics, and method demonstratidve also compare GSCS method with other
previous methods for a systematic understanding. Therefore, the results obtained by our
method can be double-confirmed, and the advantages of our method can be fully understood.
Moreover, several factors that affect the accuracy of our method are also analyzed.

Chapter 4 illustrates the applications of GSCS method on the charge centroids as well as
the capture efficiency of various SONOS devices. Using bulk trap model to compare SONOS,

7
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SONS, and SNOS, we can clearly verify that electrons are mainly distributed inside the bulk
nitride or the interfaces between oxide and nitride. On the other hand, using two-region
approximation model, we can successfully monitor the channel injected charges as well as the
gate injected charges for SONS and SNS. Based on the theoretical Q-t model, we can further
fit our data with that extracted by GSCS method, and further to obtain the capture efficiency
of different nitride layers.

Chapter 5 illustrates the applications of GSCS ntwethn the intra-nitride transport
behaviors and the reliability of various SONOS devices. For the first time, we can directly
investigate the intra-nitride charge transport behaviors of SONOS-type devices during £FN
injection, FN cycling, and high temperature baking. The electron injection, hole injection, and
electron de-trapping behaviors:can be accurately monitored.

In chapter 6, we utilize (GSE€S method to .investigtie gate-injection operated
SONOS-type devices. Contrary to the conventional channel-injection operated SONOS-type
devices, gate-injection aoperated SONOS-type devices using gate injection program (P) and
erase (E) through the top” oxide: Since the gate .oxide is not stressed by P/E operations, the
devices have better cycling endurance-Our method can be successfully applied to this kind of
devices without any modification. In this chapter, we track the charge centroids of
gate-injection operated “top BE-SONOS” and various SONOS-type devices. Moreover, we
also investigate the charge transport for both electron and hole under different situations and
the capture efficiency of nitride layers.

Chapter 7 introduces a systematic method, whichbeanse to distinguish two different
erase mechanisms: electron de-trapping and external hole injection. Based on GSCS method,
we can accurately extract the erase tunneling current density (J) as a function of tunnel oxide
e-field (Ex) from experimental results. J-E curve reflects the physics directly and thus helps
understand the detailed erase mechanisimsthis chapter, the erase mechanisms of
SONOS-type devices for both channel- and gate-injection operations are studied in detail.

8



Chap.1, Introduction

Moreover, for the devices with external hole injection erase mechanism, we also used
theoretical tunneling equations to fit the extracted J-E curves, thus double confirmed our
results. On the other hand, for the devices wiéittron de-trapping erase mechanism, we also
examined the refill characteristics to double confirm our results. This systematic method can
help us to further understand of the erase mechanisms of SONOS-type devices.

In chapter 8, a new pulse-IV technique is developed used to study the transient
charge-trapping behaviors of SONOS-type devices. Using this technique, the transient
tunneling currents of various SONOS-type capacitors can be characterized concurrently with
the gate pulses. On the other hand, this technique can accurately characterize the transient
drain currents of SONOS-type transistors immediately after programming/erasing without
disturb. Since this techniqueshas such benefit, it can be further used to investigate the
behaviors of quasi-non-volatile memory.

Chapter 9 summarizes ithe findings and. contributiminghis dissertation, and provides

the suggestions for future works.
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Fig. 1.1 Summary of semiconductor memory.
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Fig. 1.2 Two classes of non-volatile semiconductor memoryidalirig cate (FG) memory;
(b) charge-tapping (CT) memory.
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Fig. 1.3 D. Kahng and S. M. Sze proposed first non-volatiie memory device in 1967.
Program and erase are performed _bgda unneling (DT) of electrons through the
thin oxide .
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Fig. 1.4 Wegener et al. proposed MNOS memory in 1967. This device is programmed by
electrons tunneling from the Si conduction band to nitride trapping centers and
erased by holes tunneling from the Si valence band to the nitride trapping centers.
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Fig. 1.5 FAMOS (foating gate_Aalanche injection_MOS Program is performed by
injection of high energetic electrons created in the drain avalanche plasma while
erase is possible by UV or X-ray radiation.
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Fig. 1.6 SAMOS (&cked gate malanche injection MOSmemory. Its program speed is
higher than FAMOS memory due to the additional external gate. Erase can be
achieved by field emission through the top dielectric.
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Fig. 1.7 Evolution of SONOS-type memory. (a) P-channel MNOS. (b) N-channel SNOS. (c)
N-channel SONOS.
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Fig. 1.8 (a) Program (+10V) operation and (b) erase (—10V) operation of SONOS. During
programming, the channel electrons inject into nitride. On the other hand, during
erasing the channel holes inject into nitride to compensate for trapped electrons.
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Fig. 1.9 Simulation of hole tunneling current density (@ tunnel oxide electric field (&)
with various thickness schemes. To enhance required erase current density under
reasonable erase field, a very thin tunnel oxide such as 25A is necessary. However, a
conflict to data retention performance will be suffered.

18



Chap.1, Introduction

S

= 025A

o 0Q13A
N+

Fig. 1.10 BE-SONOS_@nd-gap rgineered SONOSmemory. A composite ONO tunneling
barrier could provide high erase speed as well as excellent data retention.
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Band Diagram at High Electric Field
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Fig. 1.11 Band-offset effect by using an ONO barrier as tunneling dielectric in BE-SONOS
memory. (a) At high e-field, the band offset happens so that the holes directly tunnel
through the O1. (b) At low e-field (retention state), both electron de-trapping and
hole external tunneling are prohibited by the total O1/N1/O2 barrier stack.
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2.1 Basic Device Equations and Models

Before further characterizing the trapped charge behaviors, we should first understand
the basic operating principle and related models of SONOS-type memadhnis section, we
will first introduce the basic operating principle of SONOS. Then, we discuss the e-field of
each ONO film for program/erase and the transient currents under different trap location
assumptions. From these e-field and transient current models, we can obtain the relation
between e-field and transient current. This information can help us further understand the

trapped charge behaviors.

2.1.1 Basic Operating Principle[1.3,1.6]

The storage principle of non=volatile -memory devices can be simplified as the charges
(Qr) are trapped in the gate-insulatorofiaMOSFET, as illustrated in Fig. 2.1(a). The trapped
charges will change the threshold voltage)(® MOSFET and provide two distinct states (0
for erased state and 1 for programmed state), as illustrated in Fig. 2.1(b). Based on the basic

theory of the MOSFET, its/can:be.given:-by

V=2 +%—8_:-2—|D—2T—gld, (2-1)
where@: is the Fermi-potential of the semiconductor at the surfpggs the work function
difference between the gate and the bulk mate@alis the fixed charge at the silicon/
insulator interfaceQ)p is the charge in the silicon depletion lay@F, is the charge stored in
the gate insulator at a distangerdm the gateC, is the capacitance of the insulator layger,
is the dielectric constant of the insulator, apds the permittivity of free spac&herefore,

the V; shift (AV+) caused by the Js given by

av, =-Sr g (2-2)
£O£I

Negative Q (electron) will cause positivAaV+ while positive Q (hole) will cause negative

AVr.
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Applying an appropriate gate voltage{}) which is between two possibler'¥, as
illustrated in Fig. 2.1(b), the stored information can be deteGteel.detected current is high
for erased state but low for programmed state, so that we can easily distinguish the stored

states.

2.1.2 Electric Field Model

The ONO energy band diagram of SONOS-type memory under zero bias is shown in Fig.
2.2. Tgox Is the bottom oxide (B.O.) thicknessy 1B the nitride thickness, andk is the top
oxide (T.0.) thickness. The conduction band offset between oxide and nitride is about 1.05eV,
and the valence band offset between oxide and nitride is about to 2.85eV [2.1].

Under positive gate bias &), the ONO energy band diagram bends, as illustrated in Fig.
2.3(a). The voltage drop on total ONO-is equal toifMive ignore the voltage drops on Si-sub
and gate. Therefore, the B.O. e-fielg{f and the T.O. e-field (Bx) can be easily calculated

by

=E_ = VG

E
o EQT

(2-3)

Box

where the EOT is thegeivalent_xide thickness of total ONO. Since there is no charge at
nitride/B.0O. interface, from continuity equation [2.2}iEso - enEn = O, we can obtain the
nitride e-field (k).

£ E
E =Sxg =foxpg’c_ 2-4
g, ™ g, EOT (2-4)

whereggcandey is the dielectric constant of oxide and nitride, respectively. From Eq. (2-4),
we can know that the material with higher dielectric constant (k) has lower e-field. That is
why high-k materials have been proposed to replace the T.O. of SONOS memory to reduce
the gate injection and release the erase saturation [2.3-2.4].

If there are charges in the nitride, the e-field of ONO will change. For example, the

trapped electrons (holes) at nitride/B.O. interface will cause decreased (increasdul)tE
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increased (decreasedy,Eas illustrate in Fig. 2.3(b). Fortunately, the changed e-fields can be
simply calculated based on continuity equation and voltage conservation. From Eq. (2-2), the

charges trapped in nitride can be extracted # according to

o =- AVle]'Ogl (2.5)
|

In order to simplify this subject, we first consider three cases: (a) charges at the B.O./nitride

interface, (b) charges at the T.O./nitride interface, and (c) charges at the center of nitride.

(a) Charges at the B.O./nitride interface:
Since there is Qat B.O./nitride interface, and there is no charge at T.O./nitride interface,

the continuity equation gives us

goxEBox —&y EN o QT
N goxEBox TEN EN e —ﬂ
2-6
o T (2-6)
£ E,-£,E. =0 (2-7)

From voltage conservation, the:summation of voltgge on each ONO film is equal to the

external gate bias.

TooxEsox T TNEN T ThkE

Box —Box Tox —Tox

=V, (2-8)

From Egs. (2-6)-(2-8), we can directly solve thradables: Box, En, and Eox.
_V,—AV,

Eoo =22 (2-9)
&y EIJV A\ . 2-10)
EOT TTox +T, Sox
N
R (2-11)
T T Ty —

Tox
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(b) Charges at the T.O./nitride interface:
Since there is no charge at B.O./nitride interface, and thergas QO./nitride interface,

the continuity equation gives us

ExEa ~EnEy =0 (2-12)

ox —Box

ENEN LB =&

oX —ToxX

AV (&
= By 6By = ——2%
N —N T TTOX (2_13)
From Egs. (2-8), (2-12), and (2-13), we can direstiive Eox, En, and Box.
V. —-AV.
E, =—C% —T 2-14
Box EOT ( )
S i\l (2-15)
EIBOT
E = V. —AV; . A\VA (2-16)

(c) Charges at the centerof nitride:

The ONO energy band diagram for'charges at.the center of nitride is shown in Fig. 2.4.
The nitride is divided into two equal parts:' The bottom nitride e-fieldyisvhile the top
nitride e-field is k. The trapped electrons (holes) cause decreased (increagethutE
increased (decreased)Aas illustrated in Fig. 2.4. Since there is no charge at B.O./nitride
and T.O./nitride interfaces, and there i @t bottom nitride/top nitride interface, the

continuity equation gives us

goxEBox —&y ENl =0 (2-17)
&y ENZ - goxETox =0 (2'18)
En ENl_gNENZ :QT
= &y EN1 —&n ENz = _AVT—TB‘O;.
T+ N 7o 2-19
Tox 2 gN ( )
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The voltage conservation consists of four films.

T, T,

TBox EBox +7N ENl +_g ENZ +TT0>< ETox =VG (2'20)

From Egs. (2-17)-(2-20), we can directly solvg,£En1, Enz, and Eox.

V; —AV,
E. =6 — T 2-21
Box EOT ( )
ENl - gox G _AVT (2_22)
& EOT
SWELS L L (2-23)
& EOT 1  Tué
2 &,
£ - Vo —AV: . AV, (2-24)
EOT  + ,Théx
Tox
2 &,

From the results of three «cases, we find that tleeybe simplified as one general case:
the trapped charges locate at x.from B.O./nitride interface, as illustrated in Fig. 2.5(a), and the

e-field of each film can be calculated by

e Ve T Oy (2-25)
= EOT
£ = 1 b (2-26)
EOT . EOT,
£

Ev = g_ox Box (2-27)

N

gOX
Ey. = 'y (o (2-28)

N

where EOT is the equivalent oxide thickness of the distance frantoQate. It should be
noted that the gy is independent of charge location. On the other hand, for the ONO energy

band diagram under negative gate bias, as shown in Fig. 2.5(b), we can follow the same
procedure as positive gate bias, but total voltage drop on ONO should be eﬁﬂgl.tﬁhe

e-fields can be simplified as
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V5| +AV,
=el — T 2-29
Box EOT ( )
Mol +ave _ av, (2-30)
™ EOT  EOTy
&
Ey, = 2-31
N1 gN Box ( )
&
Eye = - Tox (2-32)
gN

Therefore, the e-fields of ONO films under both positive and negative biases for arbitrary

charge location (x) can be summarized as Table 2.1.

2.1.3 Transient Current Model

If we assume all the injected charges are trapped in the nitride and contribute e
can extract the transient hole current-ar electron current directlyAxdmFrom Eq. (2-5),
we can know that the trapped chargesc@n be .expressed AY'+.

— AV; [£€,,

EOTo.

Q= (2-33)

The transient injection current during programming or erasing can be expressed as

J :|CQT| - dA\ll' Dgogox (2_34)
|| o EOT,

Using Eq.(2-34) and Egs. in Table 2.1, we can further plot the J vs. E curves of SONOS-type
devices. For memory devices, the J vs. E curves can give us a lot of information. For example,
compare with theoretical Eqs., we can make sure the detailed transport mechanisms; compare
the current and e-field criteria, we can further optimize the operation window.

In this dissertation, we used J vs. E curves to confirm the charge location. Moreover, we
also proposed a systematic method to distinguish the erase mechanisms of SONOS-type

devices based on the comparison of J vs. E curves.
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2.2 Carrier Transport Mechanisms

Charges transport through the tunnel dielectric e basic mechanism to permit
SONOS-type memory device operating. There have been many charge transport mechanisms
proposed to explain the operation behaviors of SONOS-type devices. The energy band
diagrams of the SONOS-type devices under positive (program) and negative (erase) gate
biases, and the main conduction mechanisms are illustrated in Figs. 2.6(a) and (b),
respectively [2.5]. Under positive gate bias, the substrate electrore through the B.O. (J1)
will dominate. The injected electrons are trapped and then drift toward the T.O. by the
Frenkel-Role (FP) conduction (J2), moreover, some of them tunnel through T.O. to gate (J3).
In general, hole injection from the gate (J4) is negligible due to the thicker T.O. and the larger
hole barrier height (> 4eV for -oxide to silicon). On the other hand, under negative gate bias
either substrate holes injeet to nitride (J5) or the trapped electrons de-trap to the Si-sub (J6).
Moreover, the electrons_and holes may recombine in.the nitride (J8). However, it should be
noted that the gate electrons are easily'injected to nitride (J7) due to the smaller barrier height
(~ 3.1eV for N poly-gate)? Therefore, the erase -sattiration is one of the important issues of
SONOS-type devices which are needed-to be solved.

In the section, we will discuss the most popular transport mechanisms of SONOS-type
devices, including_lewer-Nordheim (FN) tunneling,_itect tunneling (DT), _nodified
Flower-Nordheim (MFN) tunneling, ltannel _lot dectron _njection (CHEI), land-to-land

tunneling induced &t carrier (BBHC) injection, andrénkel-Role (FP) tunneling.

2.2.1 Flower-Nordheim (FN) tunneling [2.5-2.6]

Which carrier transport mechanism contributes to device operation depends on the not
only on the gate stack compositions but also on the applied voltages. We first consider the
transport mechanisms which only relate to vertical e-field (typicallyis\applied to gate but
other terminals are grounded). The energy band diagrams for electron injection and hole
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injection from Si-sub to nitride under FN tunneling are shown in Fig. 2.7(a) and (d),
respectively®; and®, are the oxide and nitride barrier heights for electron, respectibely.

and®, are the oxide and nitride barrier heights for hole, respectively. Under the B.O. e-field

) (O
OB, 2=+ or —- (2-35)
TBOX TBOX

FN tunneling occurs where the electrons (holes) in the Si conduction band (valence band) see
a triangular energy barrier with a width dependent on the applied gate biases. The FN current

density can be described as

J=aEZ, expl-—2) (2-36)
Box
with
3
ARG, 1 (2-37)
m, 87h @,
and
CD 3/2
E. =4{2m, 3;q (2-38)

where q is the charge of a single ‘électron(1.BXTY h'is Planck’s constan®y, is ®; for
electron injection an@,” fof hole injection, mis thesmass of a free electron (9.1X1),
Mox IS the electron or hole effective'mass inSi@hdh = h/2r.

Eq. (2-36) is the simplest form for FN tunneling and is quite adequate for non-volatile
memory applications. A complete expression for the FN current density should take into
account two second-order effects. One is image force barrier lowering, and another is the
influence of temperature. However, if we take into account these two factors, the Eq. (2-36)
becomes much more complex [2.6]. Therefore, for both DT and MFN tunneling, we also only

consider the simplest forms.

2.2.2 Direct Tunneling (DT) [2.5]

When the gate bias ogk reduces to
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<qu<% or 2% <qu<— (2-39)

TBOX Box TBOX Box

ch _(Dz

DT occurs, and the corresponding energy band diagrams are shown in Fig. 2.7(b) and (e) for
electron injection and hole injection, respectively. Electrons (holes) from the Si conduction
band (valence band) tunnel directly into the conduction band (valence band) of the nitride,
and they see a trapezoid energy barrier with a width dependent on the B.O. thickpgss (T

The DT current can be written as

J=aE; exp ;C ) (2-40)

Box

with

3
1
a= "o A 172 172 (2-41)
rnox 8ﬂh [(qcbb) _(q(Db _qEBox Box) ]

and

)3/2

(qq)b)sl2 =(q®, =gk, T;
- 4 2 OX OX
E. =4y 2m, 3q

For the SONOS devices with an ultra thin B.O. (< 25A), the DT is the dominant mechanism.

(2-42)

During positive gate bias (programming),-the electrons tunnel from Si conduction band to
nitride by DT, during negative gate bias (erasing),the holes tunnel from Si valence band to

nitride by DT.

2.2.3 Modified Flower-Nordheim (MFN) Tunneling [2.5]

If the gate bias or &« further reduces to

¢1¢2<Eﬂm<¢¢or¢ ¢2<EBOX< -,
Too =~V Ton Too VT Too

(2-43)

, Wherey is ratio of thegy, andey, charges tunnel through the whole B.O. and part of the

nitride, as illustrated in Fig. 2.7(c) and (f). The MFN current can be given as

J=aE, expl-—2) (2-44)

Box

with
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3
g="b 4 1 (2-45)

8rh
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X

and

= 4\/ 2rn0x [(qcbb )3/2 - (qcbb - qEBoxTBox)S/Z] +4y\/ 2rnN [qcbb - qCDN - qEBoxTBox]g/2
3nq

E. (2-46)

where ny is the electron or hole effective mass in the nitride, @pdis ®, for electron
injection and®, for hole injection. For BE-SONOS devices, the electrons and holes tunnel
through the whole ONO tunneling barrier, which is much more complex than other
SONOS-type devices. Therefore, we sometimes use MFN tunneling to simulate the tunneling

behaviors of BE-SONQOS devices:

2.2.4 Channel Hot ElectrortInjection (CHEI)

Since the SONOS-type memory has “discrete” traps in the charge trapping nitride layer,
either uniform injection (by EN, DT, or MEN tunneling) or non-uniform injection have been
proposed to operate the devices. By separately storing charges at drain side and source side,
dual-bits-per-cell operation is allowed [1.23-1.25], so that the memory density becomes
double. Due to this reason, non-uniform injection has been widely used for operating
SONOS-type devices. In the following two sections, we will introduce the most popular
non-uniform injection: CHEI and BBHC injection.

Figure 2.8 illustrates the CHEI phenomena for NMOSFET and PMOSFET [hdgr
large drain bias (high lateral e-field) the minority carriers are accelerated in the channel and
then gain a lot of energy when they approach to drain. This phenomenon causes impact
ionization at the drain, by which both minority and majority carriers are generated. The highly
energetic majority carriers are collected at the Si-sub and form the so-called substrate current

(Isug). On the other hand, the minority carriers are collected at the drain and form the
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so-called drain current ). Under the vertical oxide e-field favorable for attracting the
electrons, a fraction of the heated electrons would surmount the Sp&ié€htial barrier and
then inject into the gate terminal, which is so-called hot-carrier injection gate cugkent (I
[2.7-2.8]. For SONOS-type devices, the injected electransn(MOSFET) will be locally

trapped into the nitride layer near the drain side.

2.2.5 Band-to-band Tunneling Induced Hot Carrier (BBHC) Injection

The BBHC operation conditions and the transport carriers for N- and P-MOSFET are
quite different, as illustrated in Fig. 2.9 [2.7]. For NMOSFET (Fig. 2.9(a)), the negative gate
bias and positive drain bias lead to the possible hole injection toward the gate. However, for
PMOSFET (Fig. 2.9(b)), the_positive gate bias and negative drain bias are favorable for
electron injection toward the gate.-in-general;. the BBHC injection can be divided into two
procedures, (1) band-to-band tunneling, and-(2) carriers are accelerated due to lateral e-field

and then injected toward:the gate/due to favorable veriical oxide e-field.

2.2.6 Carrier Transport in Nitride Layer [2:9]

In this section, we discuss the conduction mechanisms inside the nitride layer. Since the
nitride film has “discrete” traps and smaller band gap than oxide, the conduction mechanisms
are very different.

The conduction current (J) in nitride can be desdribg three components [2.10]. The first
one (4) comes from field-enhanced thermal excitation, which is known as Frenkel-Pool (FP)
effect [2.11]. The second one)&omes from field ionization of trapped electrons, which is
independent of temperature. The third ong ¢dmes from the hopping of thermally excited
electrons from one trap to another, which has ohmic |-V characteristic and is exponentially
dependent on temperature.

Under different e-fields and temperatures, thecbmgrolled by different components. J
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dominates the current conduction at high e-field and high temperatuie;tde major
contribution at high e-field and low temperature;b&comes the dominant component at

lower e-field and moderate temperature.

2.3 Retention Charge L oss Models

In addition to charge transport mechanisms, understanding data retention characteristics
and charge loss mechanisms of SONOS-type devices is also critical for successful scaling of
the SONOS technologyhere have been many retention charge loss modepoged to
explain the retention behaviors of SONOS-type devices, and in this section we will discuss
some of these models in detail.

The main retention charge.loss mechanisms of SON@&Sdgvices are illustrated in Fig.

2.10 [2.12], includingrap-te-tand-tunneling (T-B),rap-to-tap tunneling (T-T), &nd-to-tap
tunneling (B-T), _bermal acitation (TE),“and Bole-Fenkel emission (PF).These
mechanisms can be classified into fwo categories aceording to their temperature dependence.
During retention (there is internal self-built” e-field), trapped electrons may lose via
temperature-independent mechanisms:-trapped electrons back-tunnel to the conduction band
of Si-sub (T-B) or to the Si-Siinterface traps (T-T), and Si-sub holes tunnel through the
tunnel oxide and then be trapped in the nitride (B-T). On the other hand, the trapped electrons
may also lose via temperature-dependent mechanisms. For example, trapped electrons may
redistribute vertically inside the nitride by P& elevated temperatures, trapped electrons can
also be thermally excited out of the nitride traps by (TE) and followed by tunneling to Si-sub

or poly gate.

For older MNOS devices with a relatively thickerrigieé layer (~100nm), since the
trapped charges could easily redistribute inside nitride and then move toward the gate, PF was
the dominant retention charge loss mechanism [2.13] in these devices. On the other hand, for
recently scaled SONOS devices with a relatively thinner nitride layer {9nm), since the
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charge redistribution is limited, the retention charge loss caused by PF can be ignored. Under
different situations (different baking temperatures or different amount of storage charges),

different retention charge loss mechanisms should be taken into account. Therefore, although
there have been many reports [2.14-2.15] investigating the retention behaviors of SONOS
devices, their results are not consistent.

For NORM devices, which are operated by CHE program and BBHH erase, both
electrons and holes non-uniformly co-exist in the nitride layer. Therefore, in addition to
vertical direction charge loss, the lateral charge migration should be taken into account. M.
Janai et al [2.16] and A. Shapira et al [2.17] proposed that the retention charge loss of NROM
devices mainly came from thermally activated lateral migration of trapped holes in the ONO
layer. Moreover, saturation of the retention charge loss was demonstrated ataheld/well
above the neutral states of the devices. Therefore;s NROM devices have excellent retention

behavior as compared with, SONOS devices.

2.4 Trapped Charge L ocation Characterization

After understanding the basic equations, models, and carrier transport mechanisms, we
will briefly introduce some studies on trapped charge locations of SONOS-type devices for
both lateral and vertical directions. Since the trapped charge behaviors determine the
characteristics of SONOS-type devices, a deep knowledge of trapped charge distribution is
critical for program/erase bias optimization, reliability predictions, and future technology

scaling.

2.4.1 Trapped Charge Lateral Location

Some SONOS-type devices use CHE injection for programming and BBHH injection for
erase. In these devices, one of the important parameters is the lateral trapped charge profile,
which must be determined accurately to predict the overlap of electron/hole profiles during
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programming/erasing and the minimum possible gate length for 2-bit storage. Therefore, there
have been many works studying the trapped charge lateral profile so far.

H. Pang et al [2.18-2.20] and L. Sun et al [2.21] proposed a new charge pumping (CP)
method, which combines both gvhethod constant Y (the base level of the gate pulse) and
CVhy method: constant jV(the high level of the gate pulse) to obtain the more precise
distribution of injected charges. The standard CP measurement setup is shown in Fig. 2.11(a)
[2.22], where the pumping pulse is applied to gate, and the charge pumping ceyyreain(|
be measured from drain or source side with source or drain floating. For threfile of a
CHE programmed charge trapping (CT) memory, as shown in Fig. 2.11(b), where four regions
marked are consistent with thg ¢urves measured by G¥nd C\, methods, as shown in Fig.
2.11(c) and (d), respectivelys Since only the slowgr grovides the more precise data,
combining two methods could acquire the most complete and reliable trapped charge lateral

profile. The extracted equations are shown-below.

X= LIIL(Vh) (2-51)

cp,max

1 dAIcp dv,

= 2-52
"ELgfwh av,  dx (2-52)

where f means the frequency of the pulse, W refers to the effective channel width, L is the
channel length, and i is the trapped charge density in nitride. By replacipgvith Vy, the

above equations can be used iny@&thod to get the N curve. Using this new method, they
studied the CHE program as well as the BBHH erase of SONOS devices. The program/erase
charge profiles and the redistribution for different reliability issues were also discussed
extensively. However, theglis very sensitive to interface/near interface trapped charges, and
this spurious ¢, cannot be easily eliminated, especially for the post-damaged devices.
Therefore, other methods should be introduced to decompose the contribution of interface/

near interface trapped charges.
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P. R. Nair et al [2.23] and P. B. Kumar et al [2.24] put non-uniform trapped charges
(maximum near the gate edges, decreasing gradually towards the center of channel) in device
simulators and simulated the linear I-V (LIV) and sub-threshold I-V (SIV) of SONOS devices,
as shown in Fig. 2.12. They found that for the charges are placed on rectangular packets from
the gate edge (Fig. 2.12), channel charges degrade® S.S. _(sb-threshold Ispe) while
overlap charges degrade the linear slopey&fd curves, but do not affect SS significantly.
Compared with CP measurement and Monte Carlo simulation, they announced that they could
accurately determine the trapped charges in gate/drain overlap and channel (near the drain
junction). Nevertheless, their method needs complex device simulation, where the detailed
device structure and doping profile should be given. Moreover, the I-V curve is very sensitive
to the device geometry such as'STI effect. Therefore, the geometry effect should be taken into
account.

L. Avital et al [2.25] and A. Padovani-et al [2.26] also utilized similar method to
investigate the temperature effects. @Vl curves as well as the hole injection for erase.
However, their method suffers from' the same’issues as previous method sine they also needed

to simulate thepg-V¢ curves.

2.4.2 Trapped Charge Vertical Location

For the SONOS-type devices which are operated by uniform charge injection, the
trapped charge vertical location is more meaningful than lateral location. For example, the
NAND Flash, which is the main memory product of the market today, uses uniform FN
program and erase. Therefore, there have been a large number of papers investigating the
trapped charge vertical location.

E. Suzuki et al [2.27] compared the maximum flat-band voltage sBMssfay), Which
is extracted from CV hysteresis measurement, of various MON@®&laxide-nitride-oxide-

semiconductor) capacitors with different fractions of nitride conversign From the
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relationship betweeAV gmaxand trap density, they could further extract the trap density.

N 2apyN
AVegmay =%TN2((1- yy + 20py -y 22 N (2-53)
EN TN Nt

where the T is the initial nitride thicknessy is the volume ratio of oxide to nitridg,is the
ratio of dielectric constant of nitride to oxidg,s the fraction of the nitride converted by
oxidation, N is the trap density which is assumed to be uniformly distributed in the nitride
layer, and N, is the trap density which is assumed to be created at the T.O./nitride interface.
By comparing the theoretical calculation with the experimental results for diffekgrasT
shown in Fig. 2.13, they concluded that the electrons are mainly trapped at the T.O./nitride
interface, and the number of traps is insensitive qovhile the bulk trap density could be
almost ignored. In this method, the trap density of various MONOS capacitors is assumed to
be the same. However, ti&/fgmax Of a capacitor is.also a function of applied voltage, thus
these results may be equivocal. Moreover, they used MNOS sample to extract the bulk trap
density. However, since.the"MNOS devices do not have T.0O. to block the external charge
injection, in these devices the gate'injection.is-considerable. That would cause underestimated
bulk trap density and wrong.results.

T. Ishida et al [2.28] also comparedi the saturated flat-band voltage #ifig) (of
various MONOS capacitors. They used a special avalanche charge injection [2.29] to inject
the electrons, therefore, in their devices the impurity concentration of Si-sub should be
controlled by ion implantation to the order of 4>, They assumed three trap regions in the
MONOS structure: (1) f: at the T.O./nitride interface (top interface), (2 in the
bulk nitride, and (3) bbiom at the nitride/B.O. interface (bottom interface), as shown in Fig.
2.14(a). They also assumed that trap distributions in these three regions were uniform. Under

these assumptions, th¥/ s, can be expressed as

_ ANy q X QXop [ %sm Xsn 4 Xop
Avsat - (goxgo Xtop) + gN 50 0 XNSNbqu (X)dX + fox ] 0 NS]Nbulk (X)dX+ (m + goxgo)qNbottom
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N N N
_ ONgnpuii X2+ (qxtop SiNbulk qNbottom)xa_N + Pop Niop + Plon Noottom (2-54)

2‘E‘N ‘90 goxgo gN 80 goxgo goxgo

However, in Eq. (2-54) there are three variables needed to be solved. In order to diminish the
fitting error, three parameters are estimated in two steps. First, they estimaigg &hd

Nbottom DY USing MNOS capacitors. In these deviceg, is varied by substituting zero fordl

and Xop In EQ. (2-54).

— qNSNbqu 2 qNbottom
AV =—24 +— 2-55
sat 2£N£O XSN gNgo XSN ( )

Second, they took the results of MNOS capacitors into consideration to analyze the MONOS
capacitors and to estimate the, NBy comparison of MNOS and MONQOS capacitors with
various film stacks, as shown in Fig. 2.14(b) and (c), they also concluded that the electrons
are mostly trapped at the interfaces of nitride and oxide while bulk electron traps are
negligible. However, this method suffers.from:the same issues as previous method. Moreover,
the fitting of experimental’ data is artificial,'and the results obtained under a special operation
may not be practical.

The above two methods only‘gave-an estimation of saturated trap density but not the
trapped charges under practical operations. The limitation of above techniques originates from
the difficulty of finding both the total trapped charge density (Q) and the mean vertical
location (x) using only one equation. Therefore, another equation must be added to solve for
both variables.

M. H. White et al [2.30-2.32] proposed a linear voltage ramp technique, which
simultaneously measured the flat band voltage shifis-f) and the injected charges at
different terminals. The measurement system is illustrated in Fig. 2.15, where the linear
voltage ramp with a symmetrical triangular form is applied to gate, and the source/bulk
currents are measured by electrometers, and are recorded simultaneously as a function of gate
voltage. Based on the measured currents (shown in Fig. 2.1&Vaadthe charge centroid

can be further extracted from the slop&@Qi vs.AVgg curves.

38



Chap.2, Basic of SONOS-type Memory

AVep = —AQy[Trox / Eox +(Ty =X/ &4] (2-56)
whereAQy is the charge per unit area in the nitride, x is the charge centroid measured from
the B.O./nitride interface. They concluded that for SONOS/MONOS devices the charge
centroid is deep into the nitride layer at lower injection levels and then moves toward the
center of nitride as the injection level is increased.

A. Arreghini et al [2.33-2.34] also proposed a method to directly measure the injection
current during DT programming/erasing for a capacitor. For a SONOS device shown in Fig.
2.17(a), where xdenotes the centroid of the trapped charges measured from the T.O./nitride
interface, the threshold-voltage shifi(t) caused by the chargeyQuniformly injected over

the device with an area = A) can be calculated as
t

— QN TOP 1 — QN TOP X
AV, = ——= -—— | xJdx = —— (= +—= 2-57
P eNL (%) At ) (2-57)

0ox

where q(x) is the charge"density along the nitride ‘depth x,t@pdnd f, are the T.O. and

nitride thickness, respectively. Thereforea¥W+ and Q, are known, the xcan be determined

by
AV; [A | tiop
QN gox

Hence, in order to determine: by using Eq. (2-58), they developed a well-controlled

Xo = =&, ( (2-58)

experimental setup to directly measurg &d the correspondin®V+ = (Vtfinat — Vinitial), @S

shown in Fig. 2.17(a). Since the electrons can be detected at source/drain terminals, and the
holes can be detected at bulk termial, carrier-separation technique can be well performed. On
the other hand, in order to eliminate the displacement currents from the overall current
integration, an accurateyQneasurement with three-level shapes (Fig. 2.17(b)) should be
required. Therefore, a complex setup should be needed. They found that the charge centroid is
located at the center of nitride, and it is quite insensitive to the program/erase conditions and
the gate-stack compositions.

In this method, they also assumed that the injection current is fully captured by SONOS
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devices, but it is not practical. Moreover, the in Eq. (2.58) is proportional to 1{Q
therefore, the small erroryQn will result in incorrect . Moreover, the injection current
during DT programming/erasing is a fast transient respongesde), which is difficult to
measure accurately. On the other hand, this method cannot be applied to the long-term
retention test because the de-trapping current is too small for detecting. These limitations
greatly affect the accuracy of this method.

H. T. Lue et al [2.35] proposed a simple transient analysis method to characterize the trap
vertical location. This method required only measuring the time dependence of gate injection
at various gate voltages on “single” sample. Then, the transient current (J) and the
instantaneous T.O. e-field {&) can be directly obtained based on various cases of trap
location. Comparisons can besmade to check which case has the best consistency for the J vs.
Erox behaviors. The only assumption-in this methed is that the Jryssiiould follow a
consistent tunneling relationship at different.gate voltages. The experimental results showed
unequivocally that electrons are trapped at the interface between T.O. and nitride for oxide
grown by thermal conversion; as'shown in"Fig. 2:18(a). However, for the direct-deposited T.O.
(HTO) the electrons are close to the center of nitride, as illustrated in Fig. 2.18(b). Although
this method is a simple and convincing tool to detect the nitride trap vertical location, it is
only suitable for gate-injection operated SONOS-type devices. That is because for the
channel-injection operated SONOS-type devices the B.O. e-figlg) (E independent of the
trapped vertical location. Therefore, comparing different vertical location assumptions
becomes invalid.

In this dissertation, we proposed an accurate and unequivocal way to solve the above
difficulties. We introduced an additional gate-sensing (GS) capacitor to be compared with the
conventional channel-sensing (CS) one. This GSCS method provides two equations to solve
total trapped charge density (Q) and mean vertical location (x) simultaneously. Only simple
CV measurement is required, and there is no complicated setup or noise compensation.
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Moreover, we also provided an effectively “real-time” measurement method since Q and x
can be tracked directly during programming/erasing and retention testing. Both
channel-injection and gate-injection operated SONOS-type devices can be investigated

successfully. In the next chapters, we will discuss this GSCS method in detail.
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Fig. 2.1 (a) Storage principle of non-volatile memory devices can be simplified as the charges
(Qr) are trapped in the gate insulator of a MOSFET. (b) Influence of trapped charges
in the gate insulator on the threshold voltage) @hift of a MOSFET.
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Si-sub Gate

Fig. 2.2 ONO energy band diagram of SONOS memory under zero bias.
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Si-sub

(@) (b)

Fig. 2.3 (a) ONO energy band diagram of SONOS memory under positive gate bias. (b) The
trapped electrons at nitride/B.O. interface will cause decreaggdbtt increased
En.
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Si-sub
Gate

Fig. 2.4 ONO energy band diagram of SONOS memory for the trapped electrons at the
center of nitride. The nitride is divided into two equal parts. The bottom nitride
e-field is By; while the top nitride e-field is\g.
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Gate

(@) (b)

Fig. 2.5 ONO energy band diagram of SONOS memory under (a) positive gate bias, and (b)
negative gate bias for the general case: the trapped charges locate at x from
B.O./nitride interface.
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E-field
Bias EBox ETox ENl EN2
Vg Vo —AV, |V,-AV, AV,
EOT EOT  EOTy
&
> EBox —> ETox
E & N
-V Vol +AV; (Vo[ +AV: AV, |
EOT EOT EOTQG

Table 2.1 E-fields of ONO films under both positive and negative gate biases for arbitrary
charge location.
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Fig. 2.6 Energy band diagrams of SONOS-type devices under (a) positive and (b) negative
gate biases. The main conduction mechanisms are also indicated. Solid circles
represent electrons, and hollow circles represent holes [2.5].
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Fig. 2.7 Energy band of diagrams of (a-c) electron injection and (d-f) hole injeciotn from
Si-sub to nitride under various gate biases. (a,d) Fowler—Nordheim (FN) tunneling.
(b,e) Direct tunneling (DT). (c,f) Modified Fowler—Nordheim (MFN) tunneligg.
and®, are the oxide and nitride barrier heights for electron, respecti®elyand
®, are the oxide and nitride barrier heights for hodspectively.
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Vs >0V

Fig. 2.8 Schematic diagrams of CHEI in (a) NMOSFET and (b) PMOSFET [2.7].
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Fig. 2.9 Schematic diagrams of BBHC injection in (&) NMOSFET and (b) PMOSFET [2.7].
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Fig. 2.10 Schematic diagram of retention charge loss mechanisms of SONOS devices:
trap-to-tand tunneling (TB),rap-to-tap tunneling (T-T),_&and-to-tap tunneling
(B-T), thermal_gcitation (TE) and Bole-Fenkel emission (PF) [2.12].
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Fig. 2.11 (a) Standard charge pumping (CP) measurement setupy (bpfile in a CHE
programmed charge trapping memory. (c) and (d) are measyrednles vs. Y
and \{, before and after CHE program using £Ahd CV\,, respectively [2.22].
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Fig. 2.12 SimulatedptVs with different amount of charge placed in rectangular packets.
Increasing channel charge spread (curve B) affects S.S.-andcveasing overlap
charge magnitude (curve C) degrades linear slope anouvdoes not affect S.S
[2.23].
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Fig. 2.13 Maximum memory windoWV ggmax @s a function of. y means the fraction of the
nitride converted by oxidation. Initial nitride thickness is (a) 45.7A, (b) 76A, and (c)
59.2A [2.27].
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Fig. 2.14 (a) Three trap sites in the MONOS structure. The trap distributions in these three
regions were uniform. Analytical results of electron trap density in (b) MNOS and

(c) MONOS structures [2.28].
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Fig. 2.15 A block diagram of the automated data-acquisition system for the linear voltage
ramp technique with charge separation [2.31].
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Fig. 2.16 Energy band diagrams and the corresponding currents at various points in the
voltage sweep on a MONOS transistor [2.31].
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Fig. 2.17 (a) Measurement setup for carrier separation and charge-centroid extraction. (b)
Waveforms for the P/E pulses showing the three-level shape used to obtain a null
contribution to the overall current integral of the displacement charge in the
semiconductor [2.33].
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Fig. 2.18 Transient analysis of J vseHor SONOS devices with Npoly gate and different
T.O. (a) Thermal oxidation T.O. and (b) HTO T.O. [2.35].
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3.0 Introduction

As mentioned at the end of chapter 2, although there have been many works
investigating on the trapped vertical location, they suffered from many limitations. Therefore,
we proposed an novel gate-sensing and channel-sensing (GSCS) method to solve the
difficulties. In this chapter, the fundamental theory of this method is introduced. We first
introduce two basic models for charge density and vertical location extraction, then this
method is demonstrated on one standard SONOS capacitor. Moreover, we also discuss the

accuracy and doping effect on this method.

3.1 Theoretical Equations Derivation

GSCS method measures two SONOS-type capacitors; one using “channel sensing” (CS),
and the other using “gate_sensing” (GS);as'illustrated in Fig. 3.1. The two capacitors have
identical ONO processes but_different doping conditions. The CS capacitor has a lightly
doped well and a heavily' doped poly gate. Therefore, the depletion mainly occurs in the well,
and the \¢g shift is sensed.by the chann&Mgs.c9. On the other hand, the GS capacitor has
a lightly doped poly gate and a heavily doped well. Therefore, the depletion mainly happens
in the poly gate, and thery shift is sensed by the gatt\Mrs 9.

For the same charge configuration inside the nitride, these two capacitors give different
Veg shifts and provide two equations, thus we can solve two variables. However, if we only
have the conventional CS capacitor, only one message can be given. That is why our GSCS

method could provide more trapped charge information.

3.1.1 Bulk Trap Model
We first proposed bulk trap model where total charge density (Q) and mean vertical
location (x) can be solved simultaneously. In the beginning, we assumed a sheet charge inside

the nitride for simplicity. The density of the sheet charge is defined as Q (electRnvbite
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the relative vertical location in nitride is defined as x (cm), as illustrated in Fig. 3.2(a). For the
CS method, the\Veg cs is proportional to the charge density multiplied by the distance

toward the poly gate [3.1]:

T, T, —X
AV.. =0 T 4N 72 (3-1)
e Q( gogox £O£N J

On the other hand, for the GS method, since the channel and gate are effectively reversed, the

equation becomes:

T, X
AV.. . =0Q| B +_ = (3-2)
mes Q( ‘Eo‘sox EOEN ]

where AVeg cs and AVeg gs are defined as the flat-band voltage shifts with respect to the
initial (uncharged) flat-band voltages. Several parameters are defined in Fig. 3.2(a) while the
others are their usual meanings.- It should be notedsthat in our notation, Q is positive (+) for
electron charge while negative (=) for hole charge:

The flat-band voltage shifts can‘be transformed into Q and x by solving Egs. (3-1) and

(3-2):
Q=g AVigos * AVegcs (3-3)
EOT
X = AVip os(Trodn + Ti€od) = AVip csToadin (3-4)
Eo(BVpg o5 + AVg 5)

EOT is the effective oxide thickness of total ONO films. Although Egs. (3-3) and (3-4) are
derived by assuming a sheet charge density, the equations are also valid even for an arbitrary

charge distribution, where

Qua = | QX (3-5)
X = IN Q(x) xdx (3-6)

Quwot (electron-crf) is the total summation of charge density at various vertical locations, and
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X (cm) is the mean vertical location inside nitride. The reason why Egs. (3-3) and (3-4) can
be transformed to the mean value result is simply due to the principle of linear superposition.

A detailed derivation is given in Appendix A.

3.1.2 Two-region Approximation Model

In principle, we have two independent Egs. (3.1) and (3.2) from CS and GS, and
therefore we can solve any two independent variables. Instead of Q and x, we can also solve
for the charges inside bottom Qand top (Q) portions of nitride, and we called it as
two-region approximation model, as illustrated in Fig. 3.2(b). For simplicity, we assumed the

locations of Q and Q are at ¥, and 341K, respectively, and the Egs. (3.1) and (3.2) can be

modified as
Padl Y T, AN -
Tox| 4l . Tox 4 (3 7)
Vescs Ql(es 55] Q(a‘e EE J
yZRE T, AN -
Box. + + Box + (3 8)
Veass Ql(é‘é’ ssj Q(ea Efn J
From Egs. (3-7) and (3-8), we can directly solveaQd Q:
Q — go[AVFB,CS(TBong +%1TN£ox) _AVFB,GS(TTOXEN +%1TN‘90><)] (3_9)
t 1T, EOT
Q 0[ AVFB CS( Boxg +% N ox) +AVFB GS Toxg +ATN ox)] (3_10)
2 1T ,EOT

Contrary to Egs. (3-3) and (3-4), Egs. (3-9) and (3-10) are only approximations. It can be used
to investigate what type of trapped charges, but the “real” amount of charges cannot be
obtained accurately. Two-region approximation model is useful to discriminate the charges
inside bottom and top portions of the nitride, especially for SNS and SONS devices, where
the channel injection and gate injection happen simultaneously. Therefore, for these devices

Q: and Q give us clearer understanding of the trapped charge behaviors than Q and x.
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3.2 GSCS Method Demonstration

Based on the models in section 3.1, we can directly track the “real-time” trapped charges
during programming/erasing and reliability testing. In this section, we will describe in detail
the preparation and the basic characteristics of GS and CS samples. The first simple results
based on bulk trap model are also demonstrated. Finally, we will compare the results extracted

by our method with other methods.

3.2.1 Sample Descriptions

Large area (50m x 50Qum) SONOS-type capacitors with various ONO conditions are
fabricated. For each sample, both GS and CS capacitors are made, and we fabricate them at
the same time except the poly:gate/well dopingsprocesses to ensure they have identical ONO
thickness. For all samples, the B.©. is grown mgtu seam _gneration (ISSG) method
which can minimize the limpact of different ‘substrate doping because ISSG is a
radical-reaction processy-but not a thermal-diffusion process. Nitride layers are deposited by
the industrial standard LPCVD praoecess, using.Sitland NH at 680C. On the other hand,
oxynitride (SiON) is also deposited by-the same LPCVD process, but with additighajds
flow. The dielectric constant of SION is equal to 6.5, and optical index of refraction = 1.8
(nitride is 2.0). For the T.O., both wet oxidation of nitride (wet conversion) and HTO top
oxide are used.

In this method, we adopted p-type well and p-type poly gate for both GS and CS
capacitors. Typically, p-well doping densities for CS and GS are arouHdnt and
7x10%cmi®, respectively while the p-poly gate doping densities for CS and GS are around
107%m™ and 5x16°cm®, respectively. For all the sample$;doped source/drain regions are
formed so that channel inversion layer can be formed during +FN programming.

In this method, the well and poly gate doping do not need to be p-type. N-type well and
n-type poly gate can be used as well. We have also used wells and gates with opposite
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polarities. For example, a lightly doped p-poly gate with a heavily doped n-well was used for
the GS capacitor. However the measured CV curve had a larger distortion, which affected the
accuracy of ¥g shift extraction. This is because both poly depletion and substrate depletion
happened at the same time durings—Mas for this sample, resulting in a complicated CV
curve. Therefore, it is best to use the same polarity for both well and poly gate because only

one of them has depletion during +/< biases.

3.2.2 Basic Characteristics of GSand CS Capacitors

We first consider the device characteristics of SONOS (ONO = 54/70/90A) under +FN
programming. Device is programmed by +FN using various biases from the initial fresh state
(Ves.cs and Mg cs ~ 0V), and both the CS and GS capacitors are measured under identical
electrical testing procedures. The corresponding CV.curves are shown in Fig. 3.3.

In Fig. 3.3(a), the CV curves of CS capacitor are,in accumulation @e€0r +Viern),
and become depletion and even|inversion at.&\(or =Vuei). The inversion layer can be
formed because’rsource/drain reégions ‘are introduced. On the other hand, the CV curves of
GS capacitor are in accumulation aty=M (0Or +Vscad and become depletion at #M
(or —Vead. However, the inversion layer cannot be formed because the poly gate does not
have source/drain regions hence deep depletion continues at larggr Mareover, the CV
curves of GS capacitor have much more gradual slope during transition. This is possibly
because there are more interfacial states at poly gate and T.O. interface. However, the CV
curves still show parallel shift during +FN programming, which is sufficient fagy shift
extraction.

The extracted\Vgg in Fig. 3.4 shows that th&Vrg csandAVeg gs are clearly different.
This is because SONOS (ONO = 54/70/90A) has thicker T.O. and thinner B.O. According to

Egs. (3-1) and (3-2), Vg csshould be larger than\yg s

66



Chap.3, Gate-sensing and Channel-sensing (GSCS) Transient Analysis Method

3.2.3 Extracted Trapped Charge Evolution and Vertical Location Evolution

In Fig. 3.4, the two ¥z shifts AVeg csandAVeg g9 at a given time can be transformed
into Q and x by using Egs. (3-3) and (3-4), and the results are shown in Fig. 3.5(a) and (b),
respectively. The charge evolution (Q-t) and mean vertical location evolution (x-t) can be
directly extracted by this GSCS method. In Fig. 3.5(a), Q-t has a similar shagegats(Fig.

3.4), as expected. On the other hand, x-t in Fig. 3.5(b) shows that injected electrons migrate
from the bottom interface toward the top interface.

In order to obtain a clearer idea about the charge evolution, x-Q curves are plotted, as
illustrated in Fig. 3.5(c). x-Q is a simple transformation from Q-t and x-t curves. In Fig. 3.5(c),
as electron density increases the mean charge vertical location migrates from the bottom
interface toward the center of nitride. The final'saturated x is around 40A, which is very close
to the center of nitride. Moreover,jdespite the large dependency of program speed to the
program voltage, x-Q plots, are independent.of the program voltage. This clearly shows that
the x-Q plot expresses=an intrinsic_property of the: ONO structure (the charge trapping

behavior) and is not affected by externalfactors such as e-field.

3.2.4 Comparison with Other Methods

In order to verify the charge vertical location in Fig. 3.5, we use two different methods to
monitor the vertical location.

The first method is to apply our previous transient analysis method [3.2], as mentioned in
section 2.3.2, where Jif curves of gate injection operated SONOS devices are compared
with various charge location assumptions. However, for channel-injection operated SONOS
devices the tunnel oxide is the bottom oxide instead of the top oxide in the gate-injection
operated SONOS devices. Therefore, we should plot the J vs. bottom oxide edig)d (E
curves, and then compare theglsEcurves at various program voltages by assuming different
charge vertical locations. Since thg.Eof CS capacitor is independent of charge vertical
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location, the GS capacitoAYrs g should be introduced to extract dsplots, and the

detailed equations are shown in Appendix B. For the GS capacitor, since the channel and gate
are effectively reversed, the equations to calculate the ik [2.36] can be utilized to
calculate the Ey in our case. The calculated results are shown in Fig. 3.6, in which Case 1
represents charges placed at T.O./nitride interface, Case 2 represents charges placed at the
B.O./nitride interface, and Case 3 represents charges placed at the center of nitride. The
results indicate that Case 3 has better consistency for every program voltage while it is much
less consistent for Case 1 and Case 2. These results suggest that the centroid of electrons is
more likely located near the center of nitride, which is consistent with Fig. 3.5.

The second method is to directly simulate f\&-5-t curves assuming various charge
vertical locations. The theoretical calculation can be carried out by integrating the FN
tunneling current with respect to-time. Appendix Ctillustrates the detail of this simulation
method forAVes-t, and the results are shown.in Fig. 3.7. For CS capacitor (Fig. 3.7(a)), it is
very interesting tha\Vegicst are almost the.same for various charge vertical locations.
Equation (C-4) shows that the s 1s independent of the charge vertical location (for Case 1,
Case 2, or Case 3). Therefore, we cannot distinguish the real charge vertical location from
AV g cst. On the other hand, for the GS capacitor (Fig. 3.7(b)), since the channel and gate are
effectively reversed, the equations gfEare very different for different vertical locations, as
shown in Egs. (B-2), (B-4), and (B-6). Figure 3.7(b) shows the simulatgg cst for
various charge vertical locations, and only Case 3 (assuming the charges are placed at the
center of nitride) is consistent with the measured data. Again, this result supports that the
charge centroid is close to the center of nitride after +FN injection.

Although the above two methods can obtain results that are consistent with Fig. 3.5,
these methods have limitations and can only provide a rough estimate of charge vertical
location. On the other hand, our novel GSCS method is more powerful and provides
“real-time” monitoring of trapped charges.
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3.3 Accuracy Estimation

In this section, we will discuss the accuracy of our GSCS method. There are two major
factors that affect the accuracy of this method. The first one is the error in ONO thickness
measurement, and the other is that the injected charges of CS and GS capacitors are not

identical.

3.3.1 Error in ONO Thickness Measurement

We first consider the error in ONO thickness measurement. The typical error in thickness
measurement is usually less than 5%. For SONOS (ONO = 54/70/90A), we assume the
thickness in B.O., nitride, andsT:0. have 2% ‘and +5% from the ideal 54A, 70A, and 90A,
respectively. We then calculate Q-and X frem Fig. 3.4 by using Egs. (3.3)-(3.4). The
corresponding x-t and Q-t plots are shown in Fig: 3.8, Figures 3.8(a) and (b) show the B.O.
thickness variation while<Figs. 3.8(c)_and (d).show the nitride thickness variation, and Figs.
3.8(e) and (f) show the T.O. thicknéss variation. The calculated results show that for all kinds
of thickness variation, the mean vertical-location (x) remains around the center of nitride with
the variation < 7%, and the total charge density (Q) is almost unchanged with the variation <
1.5%. Because both the variation of x and Q is smaller than 10%, the accuracy of our method

is excellent even when there is finite (< 5%) error in ONO thickness measurement.

3.3.2 Error in the Amount of Injected Charges

Next, we consider the other errors caused by the difference between the CS and GS
capacitors such as the B.O. thickness is not the same for the two capacitors. Different B.O.
thickness results in different +FN injection currents and then different injected charges. If the
injected charges inside the nitride of the two capacitors are different, they result in inadequate
determination of Q and x. In order to estimate this error, we assume two cases. The first one is
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that B.O. of the CS capacitor has +2% and +5% variation from 54A while the GS capacitor
has exactly 54A B.O. The second case is that B.O. of the GS capacitor has 2% and +5%
variation from 54A while the CS capacitor has exactly 54A B.O. We estimate the error by
calculating theoreticalhVeg-t for both CS and GS capacitors, taking into account the
thickness variation, as mentioned earlier. In Mvgg-t calculation, we assume that the x-Q
follows a hyperbolic tangent function, which is obtained from fitting the experimental x-Q
plot, as shown in Fig. D-1. The detailed equations are shown in Appendix D. The calculated
AVig cst and A g st are shown in Fig. 3.9(a) and Fig. 3.9(b), respectively.

Using Egs. (3.3) and (3.4), Fig. 3.9 can be transformed into Q and x, as shown in Fig.
3.10. Figures 3.10(a) and (b) show CS capacitor has +2% and +5% variation in B.O. thickness
from the GS one, and Figs. 3.120(c) and (d) show GS capacitor has 2% and +5% variation in
B.O. thickness from the CS one. Both X-t.in Figs. 3:10(a) and (c) show large deviation from
the ideal case at short programming time*(<'sk@) while they show small deviation at
longer programming time.. We conjecture that at shert programming time, the amount of
injected charges is very small, so.the x value is-sensitive to B.O. thickness variation. On the
other hand, at longer programming time; the amount of injected charges is large enough to
reveal nitride intrinsic characteristic, so the x value is insensitive to B.O. thickness variation.
The final x variation is smaller than 7.2% and 1% for CS and GS capacitors, respectively. For
the GS method, because the channel and gate are effectively reversed during sensing, it is less
sensitive to B.O. variation. Both Q-t in Figs. 3.10(b) and (d) show small deviation, the
variation is smaller than 2.3% and 1% for CS and GS capacitors, respectively. Therefore, we
show that in our method, the accuracy of location evolution (x-t) at long time and charge
evolution (Q-t) is very high. But if the amount of injected charges is very small, location

evolution (x-t) may have larger deviation.

3.4 Doping Concentration Effect
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The especial point of GSCS method is the use of GS capacitor which has reversed
dopant conditions as compared with conventional CS capacitor. Therefore, the other hot topic
is the doping concentration effect on the GSCS method. In this section, we will discuss the
gate and well doping effect and further propose the optimized doping concentration. For
simplicity, we just pick up two different doping concentrations for comparison. In fact, more

than four doping concentrations are taken into account.

3.4.1 Gate/Well Doping Effect on the GSCS Method

We first consider the gate doping effect on GSCS method. For CS capacitor, the poly
depletion can be ignored during operations due to the heavy doped poly gate. However, for
GS capacitor, the lightly doped poly gate depletes during operations which may result in
violating the assumption that GS-and CS have. identical ONO thickness and charge injection.
Fortunately, from the comparison of two GS. capacitors (BE-SONOS, ONONO = 13/20/25/
60/60A) with different paly gate doping concentrations (5%a®™ and 1x16cm™) but the
same well doping concentration (7%3@m=), we find that the\V s cs of two GS capacitors
are almost the same for both:+FEN-program(Fig. 3.11(b)) and —FN erase (Fig. 3.11(c))
regardless of the diverse CV curves (Fig. 3.11(a)). This is because the poly gate depletion
effect can be ignored under our designed doping concentrations and device operation
conditions. SinCAAVgg s IS insensitive to poly gate doping concentrations, the poly gate
doping concentrations of CS and GS capacitors have a minor effect on the accuracy of GSCS
method.

Next, we consider the well doping effect on GSCS method. Two CS capacitors
(BE-SONOS, ONONO = 13/20/25/70/90A) with different well doping concentrations
(10cm® and 2x16'cm®) but the same poly gate doping concentration®’¢t9°% are
compared in Fig. 3.12. The capacitor with more heavily doped well can be depleted more
hardly than the capacitor with more lightly doped well, as shown in Fig. 3.12(a). Although the
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well doping concentrations are not identical, the source/drain regions could still provide the
same electron injection during +FN programming, as shown in Fig. 3.12(b). For —FN erasing,
both p-wells could provide accumulated holes to inject into nitride, and the variation between
different well doping concentrations can be ignored, as shown in Fig. 3.12(c). Therefore,
AV g csis insensitive to well doping concentration.

However, for GS capacitors with different well doping concentrations (fertid and
2x10%m™) but the same poly gate doping concentration (3%h0%, we find different
results, as illustrated in Fig. 3.13. The variation in CV (Fig. 3.13(a)) comes from the variation
in p-well depletion at Yey < OV (or Veate > 0V). The more heavily doped well has less well
depletion, leading to larger capacitance. For the +FN program and —FN erase speeds, shown
in Fig. 3.13(b) and (c), we find.that the more heavily doped well has slower program speed,
but the erase speed keeps almeost the same. This may be because the more heavily doped wel
is harder to be inverted during +FN programming; which results in smaller electron injection
(slower program speed)s However, during —FEN erasing the well is in accumulation mode,
therefore, different well doping concentrations still provide the same hole injection. Therefore,
the well doping concentration 'of GS capacitor will affect the accuracy of GSCS method, and

we should further optimize it.

3.4.2 Doping Concentration Optimization

By considering the concerns mentioned in section 3.4.1 and keeping the gate sensing and
channel sensing concepts, we choose well doping concentrations for CS and G8ms 10
and 7x16%m>, respectively while the poly gate doping concentrations for CS and GS as
107%m™ and 5x18°cm®, respectively. For CS capacitor, the gate doping concentration should
be much higher than well doping concentration, on the other hand, for GS capacitor, the gate
doping concentration should be much lower than well doping concentration. Moreover, the
well doping concentration of GS capacitor should be chosen as smaller tfiam®.6o that
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the inversion layer can be formed well, and the assumption that the injected charges are the

same for two capacitors can be established without doubt.

3.5 Summary

In this chapter, we provided the detailed discussion of our novel GSCS method. By
introducing a new measurable quanti§Ves g, two trapped charge messages can be
obtained simultaneously during programming/erasing or retention tests.

The detailed equation derivation was also described in this chapter for both bulk trap
model, where total charge density (Q) and mean vertical location (x) can be monitored
simultaneously, and two-region approximation model, where the charges in the bottom
portion of nitride (Q) and top _portion of nitride (§ can be monitored separately. Based on
these models, we could successfully demonstrate our GSCS method on SONOS-type devices.
Although the charge centroid results obtained by our -method consist with other method, our
method is more powerful: The “real time” trapped charge behaviors can be directly monitored
by our method.

We also examined the accuracy of-this new method extensively. We find that this method
has a high accuracy against the thickness error of B.O., nitride, or T.O. thickness. On the other
hand, if GS and CS capacitors have finite thickness differences in B.O., it shows a larger error
in determining the x at initial programming, however, Q is much less vulnerable to the
thickness variation.

At the end of this chapter, we discussed the well/poly gate doping effect on the accuracy
of our GSCS method. Only the well doping concentration of GS capacitor will affect the
accuracy of our method, and other doping concentrations have minor effect. Based on the
evaluation, we finally choose well doping concentrations for CS and GS'&snf0Oand
7x10%m?, respectively while the poly gate doping concentrations for CS and G& asiio
and 5x16%m?, respectively.
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Channel-sensing (CS)

Gate-sensing (GS)
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Fig. 3.1 Schematic diagrams that illustrate the gate-sensing (GS) and channel-sensing (CS)
transient analysis method.
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Fig. 3.2 (a) Bulk trap model: definition of the sheet charge density (Q) and vertical location
(x). (b) A two-region approximation model:;@nd Q are the charges inside the
bottom and top portions of nitride, respectively.
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Fig. 3.3 CV curves of SONOS (ONO=54/70/90A) during +FN programming (a) CS
capacitor (b) GS capacitor.
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Fig. 3.4 Comparison of the ¥ shifts of SONOS (ONO=54/70/90A) during +FN
programming. “GS” indicates the gate-sensing results, and “CS” indicates the
channel-sensing results.
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Case 2: Charge at Box/SiN
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Fig. 3.6 J vs. kox curves of GS capacitor by assuming different charge vertical locations. (a)
Charges are at T.O./nitride interface. (b) Charges are at B.O./nitride interface. (c)

Charges are at center of nitride.
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Fig. 3.9 (a)AVescst and (b)AVes cst for £2% and £5% variation in B.O. thickness during
+FN programming.
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Fig. 3.10 X-t and Q-t plots transformed from Fig. 3.9. (a) and (b) show CS capacitor has +2%
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Fig. 3.12 Comparison of CS capacitors (BE-SONOS, ONONO = 13/20/25/70/90A) with
different well doping concentrations. (a) CV curves. ®)rscs during +FN
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4.0 Introduction

Next, we will introduce the applications of GSCS method. In this chapter, we first
discuss the trapped charge vertical locations of various SONOS-type devices and the charge
capture efficiency of different SONOS structures. Morevoer, our method can also be used to

demonstrate where injected charges are trapped (bulk traps or interface traps).

4.1 Charge Vertical Locations of Various SONOS-type Devices
In this section, we will investigate the mean vertical locations of various SONOS-type
deivces, including SONOS, BE-SONOS, SONS (SONOS without T.0.), SNOS (SONOS

without B.O.), and SNS (SONOS without B.O. and T.O.).

4.1.1 Charge Vertical Locations of SONOSand BE-SONOS

Following the same,procedures as mentioned in.section 3.2.3., we can extract the x-Q
plots of various SONOS and BE-SONOS by using Egs. (3-3) and (3-4), and the results are
shown in Fig. 4.1. Figuré_4:1(a). is, SONOS.with ONO = 54/70/90A, Fig. 4.1(b) is SONOS
with ONO = 70/95/75A, Fig. 4.1(c)-is BE-SONOS with ONONO = 15/20/25/70/90A, and Fig.
4.1(d) is SONOS with ONO = 20/70/90A. The results indicate that the x-Q plots for all
devices are very similar, irrespective of different nitride thickness and tunnel dielectric. The
charge centroid first starts from the nitride bottom interface, and then migrates toward the
center of nitride. Although the final charge centroid is close to the center of nitride, there are
two possibilities for trapped charge distribution. One is the trapped charges are located at
oxide/nitride interfaces, and the other is the trapped charges are distributed inside the bulk
nitride. Since our results show the final charge centroids are similar for all devices with a
wide range of compositions, we speculate that injected electrons are mainly distributed inside

the bulk nitride.
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4.1.2 Charge Vertical Locations of SNOS and SONS

In order to further explore the trapped charge location, we particularly fabricated SONS
and SNOS, where only one interface of oxide and nitride is present.

Figures 4.2 and 4.3 show the x-Q plots of SNOS devices with NO = 70/90A and 60/75A,
respectively. SNOS structure has only one interface between T.O. and nitride. If the injected
charges are mainly trapped at oxide/nitride interfaces, the charge centroid of SNOS should be
very close to the T.O./nitride interface. However, the results in Fig. 4.2 and 4.3 show that the
charge centroids are away from the T.O./nitride interface. This is a clear proof that injected
charges are mainly trapped at bulk traps. On the other hand, compared Fig. 4.3 with Fig. 4.2,
we find that when nitride thickness is thinner (as well as oxide thickness), the charge centroid
of SNOS is closer to the T.O./itride interface. Although this can be interpreted as evidence
that the interface still plays a role;however, the argument is equivocal since the distance
traveled by electrons (Fig. 4.3) Is approximately the same as in the thicker sample (Fig. 4.2).
In any case, the charge=centroid issstill completely within the nitride, and bulk nitride still
contributes dominantly in ¢hargetrapping.

Figure 4.4(a) shows th&Vrg of SONS (ON'= 54/70A) during +FN programming. The
GS and CS capacitors show significantly different behaviors. The GS capacitor initially shows
hole injection AVes < 0), and then at longer programming time shows electron injection
finally (AVgg > 0). On the other hand, CS capacitor always shows electron injefstigp ¥
0). The extracted Q-t and x-t curves based on Fig. 4.4(a) are shown in Fig. 4.4(b) and (c),
respectively. Q-t in Fig. 4.4(b) shows that the SONS device initially traps holes, but finally
traps electrons. On the other hand, x-t in Fig. 4.4(c) shows that the charge centroid initially
locates at the center of nitride, but moves above the nitride after longer programming.
However, the out of range of charge centroid does not mean that the charges are inside the T.O.
Since there are electron injection from Si-sub and hole injection from poly gate
simultaneously, the Eq. (3-4) for mean vertical location calculation in bulk trap model

89



Chap.4, GSCS Method Applications: Study of the Trapped Charge Vertical Location and Capture Efficiency

becomes invalid. Therefore, we proposed other two-region approximation model to solve this
problem. Using two-region approximation model, we can monitor the charges in the top

portion and bottom portion of nitride separately.

4.1.3 Two-region Charges of SONS and SNS

Based on the two-region approximation model, we can calculate the charges in the
bottom portion (Q) and top portion (g of nitride by using Egs. (3-9) and (3-10). The
extracted results of SONS (ON = 54/70A) are shown in Fig. 4.5(a). The results indicate a
simple fact that the bottom portion traps electrons while the top portion traps holes. The
reason of hole trapping under +FN programming can be easily understood since the nitride
has a low barrier for hole (~ 2eV), it can therefore induce gate hole injection during +FN
programming. Therefore, for SONS(ON = 54/70A)-electrons are injected from the channel
while holes are injected from the poly gate simultaneously. Since holes (Q < 0) are inside the
top portion of nitride while electrons (Q > 0) are inside:the bottom portion of nitride, then the
net charge centroid can bé outsideof nitride (A simple arithmetic exampleds-2x10? at
%Ty and Q = +1x10? at YT, then'Qr==1x16° and x = 1.25%). In this situation, the
two-region approximation model {nd Q) gives a clearer understanding of the detailed
trapped charge behaviors rather than bulk trap model (Q and x). It should be mentioned that
these two models, Egs. (3-3)~(3-4) and Egs. (3-9)~(3-10), are mathematically equivalent and
can be transformed to each other.

We also applied two-region approximation model to SNS, as illustrated in Fig. 4.5(b).
SNS does not provide any oxide/nitride interfacial traps, and therefore bulk traps dominate.
Moreover, there is also hole injection from poly gate due to the absence of T.O. The results
show that the bottom portion of nitride traps electrons while the top portion traps holes. These
results are similar to SONS. The hole trapping in SONS or SNS during +FN injection can

only be detected by the GS capacitor. This is because the hole trapping occurs near the poly

90



Chap.4, GSCS Method Applications: Study of the Trapped Charge Vertical Location and Capture Efficiency

gate, and the gate coupling ratio in CS capacitor approaches to zero. Therefore, the
conventional CS capacitor can hardly detect it (channel sensing is more sensitive to the
bottom portion of nitride). Through our novel gate sensing measurement, this phenomenon

now can be studied successfully.

4.2 Capture Efficiency of Various SONOS-type Devices

After discussing the charge vertical locations of different SONOS-type devices, we next
investigate the capture efficiency of nitride trapping layer. Since our GSCS method can
accurately extract the total trapped charges vs. time (Q-t) curve, we can examine the electron

capture efficiency by comparing the theoretical and experimental Q-t plots.

4.2.1 Theoretical Q-t model

The theoretical Q-t_curves can be calculated by, the time integration of FN tunneling
current. Our model also includes the-eifect of e-field change after the charges are injected into
the nitride. If the injected charges are fully captured.by the nitride, the Q-t relationship can be
numerically or analytically derived. The-detailed mathematical formulas for numerical and
analytical derivation are shown below.
() Numerical deviation of theoretical Q-t model

The tunneling current through the B.O. follows the FN equation:

J=aEZ%, exp[ _EEC j (4-1)

Box

where By is the B.O. e-field, and

a= —873% % (4-2)
%3/2
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g is the electron chargh,is the reduced Planck constaps,is the barrier height of oxide for
electron tunneling, mis the mass of a free electron, angi m the effective mass of an

electron in the oxide. The B.O. e-field can be written as:

_ Vo "AVescs

= 4-4
Box EOT ( )
TheAVeg cscan be derived by an iteration method:
(i+1) — 0) -1 _
AVigcs' W =DVeges +0txIXC, (4-5)

wheredt is the time interval used in the iteration, angliCthe capacitance between charge

centroid to gate by assuming the charge centroid is located at center of nitride.

Eo€ox
Cq = # (4'6)
T + ox N

Tox gN 2

Therefore, the total injected.charge Q-can.be-calculated from Eq. (4-5) according to
Q=C 1AV & 4-7)

(b) Analytical deviation of theoretical Q<t. model

By combining Eqgs. (41, 4-4; and 4-7),"we can ebtain a differential equation:

d) _ ,_ (Ve=0Q)/C,Y “E, (4-8)
dt _J_a( EOT )ex V. —Q(/C,
-~ EOT

Fortunately, Eq. (4-8) has analytical solution given by:

E. [EOT (4-9)
m(exp(Ec EEOTJ+ E. i j
Vs C, [EOT

Equation (4-9) satisfies the initial condition, where Q(0) = 0.

QM) =Cy| Ve -

Equation (4-9) is derived by assuming fully-capturing property. On the other hand, if

charges are not fully captured, then Eq. (4-8) should be modified by:
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O - RQ), B 3 (4-10)

where R(Q(t),ox) is the capture rate, which is a complicated function of injected charges Q(t)
and tunnel oxide e-field. Equation (4-10) cannot be derived until R(@{) & determined.
Using numerical or analytical Q-t model to fit our experimental data, the only required

fitting parameters are the barrier heigig)(and the effective mass of the tunnel oxidggm

4.2.2 Capture Efficiency of SONOSwith Thicker Nitride

We first investigate the capture efficiency of SONOS devices with thicker nitride
thickness (> 70A), and the fitting Q-t results are shown in Fig. 4.6. All the Q-t plots can be
consistently fitted by almost identical parameters, with barrier height ranges from 3.07 to
3.11eV while effective mass.;is-0.4&nThe experimental data and the theoretical curves show
excellent consistency over a wide range of various*'SONOS devices. Moreover, the barrier
height and effective mass are very closeto the well-known tunnel oxide properties [4.1-4.2].
This is not a coincidence but rather.a.clear.indication that most of the injected electrons are
captured by the nitride since anything less would have caused significant discrepancies.

However, it is observed that ‘at very thigh injection level (Q ¥eléctron-cnf), the
experimental Q becomes slightly smaller than the theoretical value. This may suggest that the
capture efficiency has some degradation at higher injection level. However, tefedifon-
cm? is a typical injection density for most practical applications. This suggests that the

capture efficiency for N > 70A is sufficient for non-volatile memory applications.

4.2.3 Capture Efficiency of SONOSwith Various Nitride Thickness
We can use the same oxide parametegs=m0.45m and @ = 3.1eV to analyze the
capture efficiency of other SONOS devices with thinner nitride thickness (35A and 20A), as

illustrated in Fig. 4.7(a) and (b). The results of SONOS with N = 35A in Fig. 4.7(a) show that
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the experimental Q-t has substantial discrepancy from the theoretical model. This indicates
that the capture efficiency for this sample is considerably reduced. On the other hand, for
SONOS with a very thin nitride (20A) shown in Fig. 4.7(b), the experimental Q-t is almost
negligible as compared with the theoretical one.

The above results indicate that nitride capture efficiency is essentially high enough for N
> 70A, and decreases significantly when N = 35A, and becomes negligible wae@04.
The strong dependence of electron capture rate on nitride thickness suggests that the capture
process happens in bulk nitride. Fundamental understanding of electron scattering and
capturing during tunneling is not well established yet, and should be an important research

subject to fully understand the electron capture process.

4.2.4 Capture Efficiency of SONS and-SNS

Except for the nitride thickness limitation, it should be noted that T.O. is necessary in
SONOS devices to prevent charge-back tunneling from gate. This statement can be further
demonstrated by investigating the*capture efficiency of SONS and SNS, where the T.0O. is
absence.

Figure 4.7(c) and (d) show the comparison of theoretical and experimental Q-t plots for
SONS (ON = 54/70A) and SNS (N = 133A) devices, respectively, and only the electrons in
the bottom portion of nitride (fp are taken into account. These devices show much smaller
capture efficiency even for a thick nitride (133A). This is not because nitride does not have
high capture efficiency, but because gate hole injection happens such that the injected

electrons are compensated, leading to “apparent” lower capture efficiency.

4.2.5 Capture Rate Comparison of Trap-layer Engineered SONOS Devices
The high capture efficiency property of SONOS with N > 70A suggests that trap-layer
engineering cannot further increase the capture efficiency. In order to prove this effect, we
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particularly fabricated various multi-layer stacks of nitride-trapping layer such as “SiON”
(oxynitride) = 70A, “SiN+SiON” (nitride at the bottom and oxynitride at the top) = 35+35A,
“SiION+SiN” (oxynitride at the bottom and nitride at the top) = 35+35A, and “NON” = 20+25
+20A structures for comparison.

In order to simplify the comparison, we calculate the theoretical electron injectigh (Q
and compare with the measured quantity R If the nitride-trapping layer is fully capturing,
the slope of QeaVS. Qne curve should be equal to 1. The comparison results for all above
samples are shown in Fig. 4.8(a). A 70A SiON shows comparable capture efficiency with a
70A SiN. On the other hand, the multi-layer stacks of SiN/SION show worse capturing
property. For the special “NON” with double layers of nitride (N = 20A), we find that the
capture rate is still negligible." These resultsssuggest that multi-layer stacks of nitride,
oxynitrde, and oxide cannet further-provide more efficient interfacial traps, which can capture
injected charges efficiently: Moreover, the. capture.dynamics is not dominated by the
interfacial traps, but by.the bulk property of each layer. Therefore, trap-layer engineering
cannot further increase the.capture efficiency since.a 70A nitride already can capture most of
the injected electrons.

In addition to compare thepf,vs. Qne curve (in which some fitting parameters should
by involved), the incremental-step-pulse programming (ISPP) behaviors also can be used to
investigate the capture efficiency of SONOS devices [4.3-4.5]. Based on the fully capture
assumption, we can derive that the theoretical ISPP slope should be equal to 1 [4.6]. Therefore,
we also measured the ISPP characteristics and extracted the corresponding ISPP slopes of
various trap-layer engineered SONOS devices, as illustrated in Fig. 4.8(b). The results are
consistent with that from QaVs. Qne Ccurves.

However, the reason why the multi-layer stacks show lower capture efficiency is not
clearly understood. Although the detailed microscopic physics of trap capture process is not
completely explained by this work, our results indeed provide more detailed observations on
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the trapping behaviors.

4.3 Summary

In this chapter, the applications of GSCS method on trapped charge vertical location and
capture efficiency were discussed in detail. GSCS method provides an accurate
characterization of charge centroid and the amount of total injected charges. Moreover,
through the comparison of theoretical and experimental charge densities, we could provide a
rigorous evaluation of capture efficiency for various devices.

By comparisons with various SONOS, SNOS, SONS, and SNS devices, we concluded
that bulk traps are the dominant traps. For SONOS structures, the electron centroid is very
close to the center of nitride after longer injection. On the other hand, SNS and SONS suffer
from hole injection from gate due toithe absence of T.O.

We also compared the capture efficiency of various samples, we concluded that SONOS
with nitride thicker than-70A has high enough capture efficiency. On the other hand, the
capture efficiency drops ‘significantly ‘when nitride “thickness is only 35A, and becomes
negligible for a 20A nitride.

The impact of trap-layer engineering on capture efficiency was also studied. We found
that multi-layer stacks of nitride trapping layers do not create more efficient interfacial traps.
This result also supports that interfacial traps are not dominant in SONOS-type devices.

Hence, our GSCS analysis provides not only new observations but also very important
understanding of SONOS-type devices. It should be mentioned that this new method is also

applicable to study other highmaterials.
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Fig. 4.1 Calculated x-Q plots for various SONOS-type devices. (a) SONOS (54/70/90A), (b)
SONOS (70/95/75A), (c) BE-SONOS (15/20/25/70/90A), and (d) SONOS (20/70/90
A). The final charge centroids of all devices are close to the center of nitride.
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Fig. 4.2 x-Q plot (electron centroid evolution) of SNOS (NO = 70/90A) calculated from
AVep-t (inset).
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Fig. 4.3 x-Q plot (electron centroid evolution) of SNOS (NO = 60/75A) calculated from
AVeg-t (inset). Compared with NO = 70/90A, the electron centroid is closer to the
nitride/T.O. interface.
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Fig. 4.4 (a) MeasuredVeg of SONS (ON = 54/70A) during +FN programming. The GS
capacitor initially shows hole injectioAY g < 0), and then shows electron injection
after longer time programmind\Vrg > 0). On the other hand, CS capacitor shows
only electron injection AVgg > 0). Calculated (b) Q-t and (c) x-t from (a). The
results show that initially SONS has net hole injection, but eventually becomes
electron trapping. On the other hand, the charge centroid initially locates at the
nitride center, but moves above the nitride afterwards.
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Fig. 4.5 Two-region charges (@ Q-t) of (a) SONS (ON = 54/70A) calculated from Fig.
4.4(a) and (b) SNS (N = 70A) calculated fré rs-t (inset). The hole trapping in
Q. is caused by the hole injection from poly gate because the nitride has a small hole
barrier height (~ 2eV). This hole trap signal can only be detected by the GS capacitor
because holes are located near the gate.
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Fig. 4.6 Comparison of the theoretical and experimental injected electron densities (Q-t) for
various SONOS. (a) ONO = 54/70/90A, (b) ONO = 70/70/90A, (c) ONO = 90/70/
90A, and (d) ONO = 70/95/75A. All samples show excellent fit with theory, and
the fitting parameters are very close. This suggests that the devices WitBAN

have high enough capture efficiency.
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Fig. 4.7 Comparisons of the theoretical and experimental injected electron densities (Q-t) for
various SONOS with thinner nitride thickness ((a) ONO = 54/35/90A and (b) ONO
= 54/20/90A) and injected electron densitieg-{Qfor (c) SONS (ON = 54/70A)
and (d) SNS (N = 133A). We used 3.1eV oxide barrier height, 2.2eV nitride barrier
height, and 0.45m effective mass for fitting. The results indicate the capture
efficiency drops significantly for N below 35A and becomes negligible when N is
only 20A. Moreover, the nitride without T.O. has very low “apparent” capture
efficiency due to hole injection from gate.
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Fig. 4.8 (a) Comparison of the theoreticak,gRand experimental (g9 injected electron
densities for various trap-layer engineered devices. SiN (70A), SiON (70A),
SiN+SiON (35+35A), SiION+SiN (35+35A), SiN (35A), and NON (20+25+20A).
The ideal fully-capturing line is also drawn. (b) Comparison of ISPP for various
trap-layer engineered devices. The ideal ISPP slope for fully-capturing is 1.
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5.0 Introduction

The most important difference of SONOS-type devices from the floating-gate devices is
that the injected charges are independently trapped inside the nitride while the injected
charges are immediately spread out inside the floating gate. However, previous literatures
[5.1-5.3] suggested that charges may migrate inside nitride under high-temperature baking or
internal built-in e-field, and this contributes to reliability issues. Therefore, the “intra-nitride”
transport is very important in understanding the detailed reliability physics of SONOS-type
devices.

In this chapter, the intra-nitride transport behaviors of SONOS-type devices during
programming/ erasing, cycling endurance, and reliability tests are examined extensively.
Based on GSCS method, the evolution of electron and hole injection can be clearly measured.
Moreover, the charge transport underrhigh=température baking (from 150 16)2%0

medium field (< 5MV/cm).at room temperature is also.characterized.

5.1 Charge Transport during +FN Injection

Since the injection mechanisms of SONOS-type devices strongly depend on the tunnel
oxide thickness, in this section we will investigate the charge transport of SONOS with a
thicker B.O., SONOS with a thin B.O., and BE-SONOS with a tunnel ONO barrier during

+FN Injection. Different injection mechanisms in each structure are also introduced.

5.1.1 SONOS with a Thicker Bottom Oxide (+FN with Electron Injection and —FN with
Electron De-trapping)
Figure 5.1(a) and (b) show the +FN program (electron injection) apdt¥ss (electron
de-trapping) characteristics, respectively, of SONOS with ONO = 54/70/90A. Since the B.O.
is thick, the hole injection from Si substrate can be completely blocked (due to the large

barrier height for hole ~ 4.5eV). Therefore, we expect that the major erase mechanism is
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electron de-trapping [5.4-5.5], and its erase speed is often very slow. Although a higher erase
voltage may accelerate the de-trapping speed, gate electron injection also takes place under
high e-field [5.6]. We therefore must decrease the ease voltage to below —14V to avoid the
gate injection. Moreover, a very long time (200sec) is used to get suffitdni As
mentioned in section 3.2.2, the CS capacitor always has @&ggrsince the T.O. is thicker

than the B.O.

The extracted x-Q plots during +FN programming ang sWessing are shown in Fig.
5.1(c) and (d), respectively. For +FN program, the electron centroid starts from the
B.O./nitride interface, and then migrates toward the center of nitride. Next, thstrégs can
expel (de-trap) some electrons and decre&&g (Fig. 5.1(b)). The corresponding x-Q in Fig.
5.1(d) shows that as Q (electron number) is decreased, the charge centroid is also shifted
higher. This result is consistent with-the simple intuitive model that electron de-trapping
happens first from the bottom portion of.nitride 'since out tunneling is the easiest. After
longer —\& stressing, the.charge centroid moves up near the nitride/T.O. interface, indicating
that most of the bottom portion electrons have been.expelled.

Figure 5.2 compares the g\étress-of various SONOS devices with B.O. equal to 54A,
70A, and 90A. The results show similar behaviors as those for B.O. = 54A (as Q is decreased
the charge centroid is shifted higher) since electron de-trapping is the only possible
mechanism for charge loss using such thick tunnel oxide. Also, Fig. 5.2 shows that at first (Q
> 9x10%e/cnf) the x variation becomes smaller (the slope of x-Q plot becomes gentler) for a
thicker B.O. On the other hand, at long-term stressing (Q <*&{t@f), the x variations are
becoming identical for various B.O. thickness. This suggests that the initial de-trapping rate is
insensitive to the electron vertical location in the nitride for a thicker B.O. Moreover, the

long-term de-trapping rate is independent of the B.O. thickness.

5.1.2 SONOS with a Thin Bottom Oxide (+FN with Electron Injection and —FN with Hole
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Injection)

For comparison, we fabricated SONOS with a thin B.O. (20A) to offer an efficient hole
direct tunneling erase. The program/erase characteristics are shown in Fig. 5.3(a) and (b),
respectively. Since direct tunneling injection using an ultra-thin tunnel oxide offers much
more efficient erase speed, the erase time can be much smaller (< 1sec) than that of SONOS
with thicker B.O.

The extracted x-Q plots for +FN program and —FN erase are shown in Fig. 5.3(c) and (d),
respectively. After +FN programming, the electron centroid also shows similar behavior as
that for Fig. 5.1 (c). During —FN erasing, the charge centroid of total net charges moves
upward. Although the x-Q plot in Fig. 5.3(d) is similar to Fig. 5.1(d), the detailed erase
mechanisms are completely_different. Figure 5.3(d) is consistent with the model that the
injected holes first recombine with-the trapped. electrons in the bottom portion of nitride and
then gradually move upward, thus causing the upward motion of the charge centroid.
Moreover, the charge centroid moves even above and out of nitride after longer —FN erasing
time.

Again, the above nitride charge centroid does not mean the charges are inside the T.O.
This is because both holes and electrons exist inside nitride, similar to section 4.1.3. At longer
erasing time, more injected holes are accumulated at the bottom portion of nitride while some
electrons still remain in the top portion of nitride. Simple arithmetic verifies that it is possible
to have the net charge centroid above the nitride. (For exampte+8x10? at % Ty, and Q
= —2x10? at YT, then @ = +1x10? (electron), and x = 1¥¥ out of nitride). Therefore,
our results clearly illustrate that the electron and hole injection have vertical mismatch inside
nitride.

It should be mentioned that great care must be taken during the measurement of SONOS
with such a thin tunnel oxide (20A) to avoid gate disturb during CV measurement. Gate
disturb easily happens even at a low voltage since direct tunneling is induced even at a low
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e-field. Gate disturb is another reason why SONOS with a thin tunnel oxide has very poor
reliability and is unsuitable for most practical applications. In order to minimize the gate
disturb, we limit the \¢ sweeping range to be onlyp£1V during CV measurement. During
testing, the \-sweeping range automatically changes wheps Vs shifted during
programming/erasing. This minimizes the tunnel oxide e-field during measurement, hence
suppresses the gate disturb. We also apply the same measurement methods for the SNS,

SONS, and SNOS devices in chapter 4.

5.1.3 BE-SONOS with an Ultra-Thin ONO Barrier (+FN with Electron Injection and —FN
with Hole Injection)

We also measure the erase eharacteristics of BE-SONOS (13/20/25/70/90A), as shown in
Fig. 5.4(a). The ultra-thin ONO barrierin BE-SONOS can offer efficient hole tunneling erase
at high e-field while eliminate the direct tunneling leakage at low e-field [5.7]. Therefore, the
erase speed of BE-SONOS is competing with SONOS with a thin tunnel oxide (Fig. 5.3(b)).
The extracted Q-t, x-t, and x-Q ‘plots during €erasing.are shown in Fig. 5.4(b) and (c). Similar
to SONOS with thin tunnel oxide (Fig:--5:3(d)), the injected holes first recombine with the
bottom electrons and then move upward.

In order to further understand the hole injection profile, we plot the hole centroid during
injection. The mathematical formulation is simple. We assume that the previous injected
electrons are fixed during —FN erasing, therefore, we can subtract their contribution from the
as-programmed condition, and then transforgs 6 and kg gs into the hole charge density
(Qn) and hole mean vertical location,\xThe detailed derivation of {&and X is shown in
Appendix E. The calculated results are shown in Fig. 5.5. Similar to the electron injection,
hole centroid also starts at the bottom interface and then migrates upward. For different erase
voltages, the xQ, curves are merged together, which suggests that,tQg glot describes
the trajectory of hole injection. Compared with Fig. 4.1(c), the hole centroid (~ 20A) is
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considerably lower than the electron centroid (~ 35A). Thus, after —FN erasing the hole and

electron centroids are still unmatched.

5.2 Charge Transport during FN Cycling

Since there is electron and hole vertical mismatch after —FN erasing, which may cause
some reliability issues, we next investigate this impact on the P/E cycling endurance. Figure
5.6(a) shows the example of a 10K P/E cycling test of BE-SONOS (15/20/25/70/90A).
BE-SONOS shows excellent cycling endurance. The corresponding x and Q are calculated in
Fig. 5.6(b). After +FN programming, the total net charge Q (electrons) increases, and the
charge centroid x is close to the center of nitride. After —FN hole injection, total net charge Q
(still more electrons since Q >:Q) decreases, and the charge centroid x shifts higher. Moreover,
at the initial few P/E cycles, the-Q-and X are slightly varied after P/E cycling, but then soon
becomes very stable after many P/E cycling:

Therefore, this mismatch in electron and hole eentroids should not be interpreted as
accumulation of electrons_in: the upper-portion.and holes in the lower portion of nitride,
respectively. During P/E cycling, most-trapped electrons (holes) are neutralized by the erasing
holes (programming electrons). This well explains our observation that Q and x stay
unchanged through many P/E cycling. For example, after the (n-1)-th erasing there is a
residual population of electrons in the upper portion of the nitride and a population of holes in
the lower portion of nitride, and the total charge (Q) is low. During the n-th programming
most of the holes are neutralized and the electron distribution is the same as that after the
(n-1)-th programming. Similarly, the hole distribution after the n-th erasing is the same as that
after the (n-1)-th. Therefore, the mismatch of the electron and hole centroids should be
viewed as a shapshot of erased state, and should not be interpreted as two separate pockets o

charges co-inhabiting the nitride.
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5.3 Charge Transport during High-Temperature Baking

After discussing the charge transport during £FN operations and FN cycling endurance
test, we next investigate the charge transport during short-term (< 1 day) and long-term (> 1
day) high-temperature baking. In addition to charge loss, the intra-nitride transport behaviors

are also introduced.

5.3.1 Baking Characteristics of SONOS and BE-SONOS

The 206C and 256C baking characteristics of SONOS (54/70/90A) and BE-SONOS
(15/20/25/70/90A) are shown in Fig. 5.7(a) and (b), respectively. The devices are first
programmed by +20V 0.26sec before high-temperature baking. For SONOS, the CS capacitor
shows slightly \¢g gain while GS eapacitor shows slightlyaoss within 1 day baking. The
extracted Q and x are shown in:Fig+5.7(c) and.(d). For SONOS, there is almost no real charge
loss after baking for ~ 1 day(Q is unchanged), but there is a significant decrease in the charge
centroid (x). Therefore, ithe ¢ shift. must be caused by trapped electrons move to lower
portion of nitride. This is*an. evidence of intra-nitride transport. However, after long-term
baking (> 1 day), significant real charge-loss is observed (Q is decreased) while x shifts higher.
This indicates that electrons mainly de-trap from the bottom portion of nitride after long-term
baking. Since the B.O. of SONOS is thick enough to block the trap to band tunneling and the
amount of charge loss increases as the rising temperature, we speculate that this charge loss
comes from thermal emission [5.8]. The higher the baking temperature, the more significant
charge loss and x shift (temperature dependent de-trapping rate). BE-SONOS also shows
similar behaviors as SONOS. However, in the first day of baking, we observe both
intra-nitride transport and charge loss simultaneously. This may due to BE-SONOS have more
staring stored charges that build a higher internal e-field and cause more charges loss.

It is interesting to note that the x-Q plots in Fig. 5.7(d) are very similar for different
baking temperatures, implying that for electrons at location x the tunneling probability is
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independent of temperature. Moreover, de-trapping is most efficient near the bottom portion

of nitride since the x increases during de-trapping.

We also investigated the post-cycling baking characteristics of BE-SONOS (15/20/25/70/
90A), as shown in Fig. 5.8(a). The devices are first programmed by +19V after different P/E
cycles (Fig. 5.6(a)), and then we measure the retention data %.25@m Fig. 5.8(a),
BE-SONOS shows similar retention behaviors for post-cycled and fresh devices. Within 1 day
baking, the devices after P/E cycling have larger initigd Mss. However, after long-term
baking, the Vg loss is almost the same as the fresh state. Therefore, we conclude that the P/E
cycling stress only causes more initial charge loss, but it has no effect on the long-term
retention characteristics.

The extracted Q-t, x-t, and x-Q are shown'in.Fig. 5.8(b) and (c). At long-term baking, the
Q-t and x-t of different cycle times merge-together. On the other hand, the x-Q plots are very
similar for different cycling times. This suggests that' P/E cycling does not affect electron

de-trapping trajectory at high-temperature baking.

5.3.2 Baking Characteristics of SONOS with'a Thicker Nitride

In order to enhance the signal of intra-nitride transport, we have investigated the
high-temperature baking retention characteristics @p@f SONOS with a thicker nitride
(O/IN/O = 70/95/75A), as shown in Fig. 5.9(a). Within 1 day baking, CS device shows obvious
Veg gain while GS device showsry/loss. This opposite shift of CS and GS devices clearly
implies that there is intra-nitride transport inside nitride.

The extracted Q and x are shown in Fig. 5.9(b) and (c). Q is almost unchanged at t <
10%sec while x is significantly decreased. This implies that the total charge inside nitride is
unchanged, but the trapped electrons move to lower portion of nitride, i.e. intra-nitride

transport. The thicker nitride shows a slightly more significant change in x compared to the
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thinner nitride. The exact mechanism still needs to be examined. It should be mentioned that
this intra-nitride transport is observable only at very high-temperature baking {€)20@
lower baking temperature (1%0), the intra-nitride transport behavior is very minor. Fig.
5.10(a) shows that there is no significantg\&hift for both CS and GS capacitors after
long-term baking. The extracted Q and x in Fig. 5.10(b) and (c) also indicates that the change
IS minor.

We also investigated the room temperature intra-nitride transport under low bias voltage
(+5V) and long time (1x1Bec) stress. We first programmed the devices to highstates
(+21V, 0.26sec), and then applied 5V stress. The extracted Q and x are shown in Fig. 5.11.
The results show that under +5V stressing (< 5MV/cm in B.O.), the Q and x are almost
unchanged within 1xf8ec. Mereover, under <5V stressing (> 5MV/cm in B.O.), the x is
slightly decreased after Ix@c stressing, indicating that charges inside nitride are very
stable. Therefore, we conclude that charge spreading inside nitride is not the dominant
retention mechanism for SONOS-type devices at lower baking temperature ) 150
under moderate internal e-field."Hence, nitride trap provides a very reliable charge storage

material for non-volatile memory applications.

5.4 Summary

In this chapter, we could directly investigate the charge transport and intra-nitride
behaviors of SONOS-type devices by using GSCS method. Using this novel method, we
could monitor the charge centroid (x) and charge density (Q) during various
programming/erasing and reliability tests.

Our results clearly indicate that for the electron injection (+FN program), the electron
centroid migrates from the bottom interface toward the center of nitride. For the hole injection
(—FN erase) in SONOS with a thin B.O. or BE-SONOS, holes first recombine with the bottom
electrons and then gradually move upward. We also proved that electron and hole injection
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centroids have vertical mismatch after erasing. However, this mismatch of the electron and
hole centroids should be viewed as a snapshot of erased state, and should not be interpreted as
two separate pockets of charges co-inhabiting the nitride. During P/E cycling, most trapped
electrons/holes are neutralized by the erasing holes/programming electrons. Therefore,
SONOS-type devices can still possess excellent P/E cycling endurance.

On the other hand, for the electron de-trapping processes ungestregsing (SONOS
with a thicker B.O.), the trapped electrons de-trap first from the bottom portion of nitride.

For the high-temperature retention, after short-term baking, the trapped electrons move
to lower portion of nitride, and this intra-nitride transport becomes more significant for a
thicker nitride. On the other hand, after long-term baking, the charge loss mainly comes from
the bottom portion of nitride« It should be mentioned that the intra-nitride transport is
significant only at very high-temperature baking (>*Z0)0 The charge vertical or lateral
spreading may not be the dominant retention.mechanism at lower storage temperature.

In summary, our GSCS method provides numerous new observations of intra-nitride

charge-trapping behaviors, which were ‘neverdiscovered before.
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Fig. 5.1AVgg during (a) programming by +20V and (b) erasing by stfess. Calculated Q-x
plots for (c) +FN program and (d) <Vstress. For electron injection (+FN), the
electron centroid gradually migrates toward the center of nitride. Afterstéssing,
the electron density decreases while the electron centroid moves upward. It indicates
that electrons mainly de-trap from the bottom portion of nitride.
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Fig. 5.2 X-Q plots of various SONOS devices (B.O. = 54A, 70A, and 90A) during -V
stressing. Thicker B.O. shows less x-variation at first. At long-term stress, the x
variations are becoming identical for all samples.
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Fig. 5.3 (a) program and (b) erase characteristics of SONOS device with an ultra-thin B.O.
(20A). Calculated x-Q plots for (a) +FN program and (b) —FN erase. During —FN
erasing injected holes first recombine with the bottom electrons and then gradually
move upward, thus causing the upward motion of the charge centroid.
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-FN Erase of BE-SONOS
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Fig. 5.4 (a) —FN hole injection characteristics of BE-SONOS (13/20/25/70/90A). (b) Q-t and
(c) x-t/x-Q plots. The x-Q plot is transformed by Q-t and x-t plots. The injected holes
first recombine with the bottom electrons.
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Fig. 5.5 (a) @t and (b) x-Q, plots of BE-SONOS (13/20/25/70/90A) during —FN erasing
by using Egs. (E-5, E-6). Hole centroid also starts at the bottom interface. After
longer injection, it gradually migrates upward. However, its centroid is much lower
than that of trapped electrons.
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Fig. 5.6 (a) 10K P/E cycling endurance of BE-SONOS (15/20/25/70/90A). (b) Extracted Q
and x. After +FN programming, the Q (electrons) increases, and x is close to the
nitride center. After —FN hole injection, Q (still more electrons since Q > 0)
decreases, and x shifts higher.
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Fig. 5.7 (a) 208C (b) 250C baking retention of SONOS (54/70/90A) and BE-SONOS
(15/20/25/70/90A). The device is first programmed by +20V 0.26sec before
high-temperature baking. (c) Q-t and (d) x-t/x-Q plots. x first moves lower within
1-day baking, and then shifts upward after longer time baking. X-Q plots for
different baking temperatures are similar.
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250°C Post-cycle Baking of BE-SONOS
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Fig. 5.8 (a) 258C post-cycling baking characteristics of BE-SONOS (15/20/25/70/90A).
The devices are programmed by +19V before baking. (b) Q-t and (c) x-t/x-Q plots.
The x-Q plot is transformed from Q-t and x-t plots. P/E cycling stress only causes
more initial charge loss, but it has no effect on the long-term retention.
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250°C Baking of SONOS (70/95/75)
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Fig. 5.9 (a) 250C baking retention of SONOS (ONO = 70/95/75A). The device is
programmed by +20V 0.26sec or +21V 0.26sec before baking. Within 1 day baking,

CS device shows obvious:y/gain while GS device shows:yloss. (b) Q-t and (c)

x-t plots. During 1 day baking, Q is almost unchanged while x is significantly
decreased. This indicates that electron moves from the top portion toward the

bottom portion.
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150°C Baking of SONOS (70/95/75)
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Fig. 5.10 (a) 150 baking retention of SONOS (ONO = 70/95/75A). The device is
programmed by +20V 0.26sec or +21V 0.26sec before baking. There is no
significant Vg gain or kg loss. (b) Q-t and (c) x-t plots. The amount of change in x
is much smaller than that in Fig. 5.9(c).
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Fig. 5.11 (a) Q-t and (b) x-t plots of SONOS (ONO = 70/95/75A) during +5V gate stressing
at 25C. The Q and x are very steady at room temperature.
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6.0 Introduction

Recently, we proposed a novel device with gate-injection operation “top BE-SONOS”
[6.1], as shown in Fig. 6.1(a). This upside-down BE-SONOS structure uses the same principle
as BE-SONOS — the top bandgap engineered tunneling dielectric provides easy hole
tunneling under high e-field yet good data retention under low e-field. However, both
program and erase are by gate injection instead of channel injection. Because the gate oxide is
not stressed by P/E operations, this device has shown excellent cycling endurance. Moreover,
due to the gate injection operation, this novel device is also insensitive to STI bird’s beak
geometry [6.1].

Although the gate-injection operated SONOS-type devices have many excellent
characteristics, their trapped charge: behaviors are not well understood. Therefore, in this
chapter we employed GSCS method to study the trapped charge behaviors of gate-injection
operated “top BE-SONOS” and various! SONOS-type devices such as SONoS with a thin top
oxide (Fig. 6.1(b)). In this chapter, the mean vertical location of trapped charges and charge
transport during programming/erasing -and- reliability tests are investigated extensively.

Moreover, charge trapping efficiency is also examined in detail.

6.1 Sample Descriptions and Doping Optimization
Before investigating the trapped charge behaviors of gate-injection operated
SONOS-type devices, we should fabricate appropriate devices at first. In this section, we will

describe the detailed device fabrication and doping optimization.

6.1.1 Sample Design for Gate-injection Operation
In order to provide efficient electron gate injection, N-type poly gate is used for all
samples. As mentioned in section 3.2.1, different poly gate and well dopant types will cause

the distorted CV curves for GS capacitor. In order to avoid this issue, we use N-type well for
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symmetry. Moreover, sdoped source/drain regions are also fabricated to provide inversion
layer and equal potential for CS and GS under +FN operation. For all samples, the B.O. is
formed by in-situ steam generation (ISSG) while the nitride layer is deposited by LPCVD.

The T.O. and top ONO barriers are formed by deposited HTO or ISSG methods.

6.1.2 Doping Concentration Effect and Optimization

From section 3.4, we have known that for channel-injection operated SONOS-type
devices, the accuracy of GSCS method will be influenced by well doping concentration of GS
capacitor. On the contrary to channel-injection operated SONOS-type devices, the accuracy of
GSCS method for gate-injection operated SONOS-type devices is sensitive the poly gate
doping conditions. Therefore, we will further investigate the gate doping concentration effect
on the GSCS method and+optimize-the doping :concentrations for both CS and GS capacitors.

We first consider the gate doping effect of GS capacitor on GSCS méttard. the
comparison of two GS capacitors (Top BE-SONOS, ONONO = 94/70/30/20/12A, oxides in
top ONO barrier are formed by HTO method). with different gate doping concentrations
(5x10°cm™® and 18’cm®) but the/same - well-doping concentration*ft6>), we find that the
AV s Of two GS capacitors are almost identical for both —FN program (Fig. 6.2(b)) and
+FN erase (Fig. 6.2(c)) regardless of the diverse CV curves (Fig. 6.2(a)). Therefore, the poly
gate depletion effect in GS capacitor can be ignored under our designed doping concentrations
and device operation conditions, and the accuracy of GSCS method is insensitive to gate
doping concentration of GS capacitor.

On the other hand, we next consider the gate dogifegt of CS capacitor on GSCS
method.Two CS capacitors (Top BE-SONOS, ONONO = 94/70/3/28, oxides in top
ONO barrier are formed by HTO method) with different gate doping concentrations
(5x10%m™ and 16%m™) but the same well doping concentration'(¢67°) are compared in
Fig. 6.3. The capacitor with more lightly doped poly gate can be depleted more easiy at +V
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therefore, this device has smaller capacitance @ ¥ shown in Fig. 6.3(a). Although the
reason why the device with more lightly doped poly gate has |ANgas cs (Fig. 6.3(b) and
(c)) is not clear now, we can check the Q-x plots for different combinations of GS and CS
capacitors. According to the concepts of GSCS method, the Q-x plots of different gate
voltages should merge together. By checking the Q-x plots of CS capacitors with different
gate doping concentrations and GS capacitor (well doping*%ri® and gate doping =
10'"cm™®), we find that the only the Q-x plots of CS capacitor with gate doping*%crii®
merge together for different gate voltages.

From above results, we choose well doping concéntstfor CS and GS as ¥om*
and 10%m?, respectively while the poly gate doping concentrations for CS and GS as

107%m™ and 18’cm®, respectively:

6.2 Charge Vertical L ocation of Various Gate-injection Operated SONOS-type Devices

After confirming the.doping conditions of GS and:CS capacitors, in this section we will
investigate the mean vertical "locations  of “various gate-injection operated SONOS-type
deivces, including SONOS, top BE-=SONOS, SONS (SONOS without T.0.). Moreover, we

also compare the results extracted by our GSCS method with other methods.

6.2.1 Gate-injected Electron Vertical Location of SONOS

Figure 6.4(a) shows the —FN electron gate injection of SONOS (54/70/90A). N-type poly
gate provides efficient gate electron injection that causes podAtyg. CS capacitor has
larger AVeg because this device has a thicker T.O. (the weighting factor is larger for CS
capacitor). Using Egs. (3-3) and (3-4), we can directly calculate Q and x of this device from
Fig. 6.4(a), as shown in Fig. 6.4(b) and (c). Q-t in Fig. 6.4(b) shows that the electron charge
density gradually increases as electrons are injected from gate. X-t and x-Q plots in Fig. 6.4(c)
show the charge centroid time evolution and injection trajectory, respectively. Although x
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shows larger variation at shorter time and smaller Q, the final x gradually approaches the
center of nitride after longer injection, regardless of the program voltages. This result is very
similar to that introduced in chapter 4.

In Fig. 6.5, we compare the x-Q plots of various SONOS devices ((a) 54/70/90A, (b)
54/80/70A, (c) 54/75/45A, and (d) 54/80/25A). The results indicate that the final x is very
close to the center of nitride, irrespective of different nitride/T.O. compositions and T.O.
processes. On the other hand, the x-Q plots of various top BE-SONOS devices are also
compared in Fig. 6.6 ((@) 54/70/25/20/15A and (b) 54/70/20/20/15A). Similar to SONOS
devices, the final x of top BE-SONOS devices is also close to the center of nitride, implying
that the final mean vertical location is independent of tunnel dielectric (top ONO barrier or
T.0)).

Although it is possible that the final charge centroid is the average of two interface
charges, since the final X isisimilar for all samples with a wide range of ONO compositions
and furthermore does not correspond. to any interface; this strongly suggests that the injected
electrons are mainly distributed inside the bulk nitride instead of the interfaces of oxide and

nitride.

6.2.2 Comparison with Other Methods

We also employ another transient analysis method [6.2], where gate tunneling current (J)
vs. T.O. e-field (ko) curves are compared assuming various charge locations (nitride center,
nitride/T.O. interface, or nitride/B.0O. interface) in order to confirm the trapped charge vertical
location. The calculated equations for each case are shown below.

Case 1 (Charge at nitride/T.O. interface):

E. = |VG| + AVFB,CS _ AVFB,CS (6-1)
EOT T,

Tox
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3= dA\é:B,cs 228 (6-2)

Tox

Case 2 (Charge at nitride/B.O. interface):
— |VG| + AVFB,CS _ AVFB,CS (6-3)

ETox £
EOT TTox +TN —*
N
J — dAVFB,CS gogox (6'4)
dt TTox +TN @
N
Case 3 (Charge at nitride center):
ET — [VG| +AVFB,CS _ AVFB,(:S (6-5)
* EOT -LN Eox
TTox +
2 &,
J= dAViscs  Eé (6-6)
dt TTox + TAN&
2.,

Figure 6.7 shows the corfiparisons of J| wsx Eurves of' SONOS (54/70/90A) with different
assumed charge locations. Only Case 3 gives consistent results, indicating charges are close to
the center of nitride. This«is consistent.with-the results from the GSCS method and serves as a

useful cross check.

6.2.3 Gate-injected Electron Vertical Location of SONS

In order to further prove that the electrons are trapped inside the bulk nitride instead of
the interfaces of oxide and nitride, we particularly fabricated SONS (ON=54/70A), where the
T.O. is absent. If electrons are mainly located at the O/N interface, the charge centroid should
be close to the nitride/B.O. interface for SONS. However, Fig. 6.8 shows that for —FN
electron gate injection the electron centroid is still inside the nitride. This is a clear indication

that bulk traps are dominant for SONOS-type devices.

6.3 HoleInjection Sudy of Various Gate-injection Operated SONOS-type Devices

131



Chap.6, GSCS Method Applications: Study of Gate-injection Operated SONOS-type Devices

After investigating the electron injection, we next discuss the hole injection. For the
SONOS with a thin T.O. (SONo0S) or top BE-SONOS with a top ONO barrier, gate holes can
tunnel through the top dielectric under +FN erasing. On the other hand, for the SONOS
without B.O., the substrate holes can tunnel into nitride during —FN operation. Therefore, in

this section we will discuss the hole injection in these devices.

6.3.1 Hole Injection Characteristics of SONoS and Top BE-SONOS

Figure 6.9 shows the calculated Q and x of top BE-SONOS (54/70/20/20/15A) during
+FN erasing. We find that the total electron charge density (Q) in Fig. 6.9(a) decreases since
the injected holes recombine with the trapped electrons. The charge centroid (x) in Fig. 6.9(b)
shifts lower toward the bottom:partion of nitride; indicating that the gate-injected holes first
recombine with top electrons and then gradually neutralize bottom electrons. In the x-Q plot,
we can clearly see the same mechanism reflected in-the relationship between x and Q (as Q
decreases x shifts lower):

Moreover, we find that after longer-time +FN erasing the x moves even further below
and eventually out of nitride. This IS net-because electrons move out of nitride, but simply due
to an electron and hole vertical position mismatch aftéf eecombination: some residual
injected holes are accumulated at the top portion of nitride while some residual electrons still

remain in the bottom portion of nitride, leading to a charge centroid outside of nitride.

6.3.2 Two-region Charges of SNOSand SNS

We have also fabricated SNOS (SONOS without B.O.) and SNS (SONOS with neither
T.O. nor B.O.) for comparison. The two-region approximation method is used to study the
trapped charges since in these devices both electron injection (from gate) and hole injection
(from channel) may happen simultaneously under —FN operation. Figure 6.10 shows the
calculated Q-t during —FN operation by using Egs. (3-9) and (3-10). For SNOS in Fig. 6.10(a),
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the bottom portion of nitride (ptraps holes (Q < 0) while the top portion,J@aps electrons
(Q > 0). Likewise, for SNS in Fig. 6.10(b) @aps holes, and Qraps electrons.

Hole charges in the bottom portion of nitride come from hole injection from the Si
substrate during —FN operation since nitride has a small hole barrier height (~ 2eV). It should
be noted that for these kinds of devices, Q (Eqg. (3-3)) and x (EqQ. (3-4)) in bulk trap model do

not provide meaningful information since charge centroid (x) is outside of the nitride.

6.4 FN Cycling Endurance and Post-cycling Retention Study
Since there is an electron and hole vertical mismatch after +FN erasing, we further

investigate this impact on the P/E cycling endurance and data retention.

6.4.1 FN Cycling Endurance:Char acteristics

Figure 6.11 shows the, calculated Q and-x during-.10K P/E cycling endurance of SONoS
(54/80/25R). After —FN programming (PV state), the total net charge Q (electrons) increases,
and mean vertical location.x.is close to the nitride.center (~ 40A). On the other hand, after
+FN hole injection from gate (EV. state);-total net charge Q (still more electrons since Q > 0)
decreases, and mean vertical location x shifts lower. Since there are residual holes
accumulated in the top portion of the nitride and residual electrons accumulated in the bottom
portion of the nitride, thus x at EV state is outside of the nitride (x < 0).

We find that at the initial few P/E cycles, the Q and x are slightly varied after P/E cycling,
but then soon become very stable after many P/E cycling. This result suggests that although
there is an electron and hole vertical mismatch after +FN erasing, this mismatch should be
viewed as a snapshot of the EV state, and should not be interpreted as two separate pockets of
charges co-inhabiting the nitride. Therefore, the device still has excellent endurance

characteristics.
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6.4.2 Post-cycling Retention Characteristics

We also investigate the retention characteristics of fresh and 10K cycling for SONoS
(54/80/25A) devices, as shown in Fig. 6.12. The 10K P/E cycling conditions are the same as
Fig. 6.11. The devices are first programmed by —15V 0.26sec before fi@280ng test.

In Fig. 6.12(a), compared with fresh device the post-10K cycled device has lagger V
loss in GS capacitor but smalleggMoss in CS capacitor, therefore, we cannot obtain reliable
trapped charge information from thesgsV. Very interestingly, however, by using our GSCS
method to investigate the trapped charge behaviors we find that in the x-Q plots (Fig. 6.12(b)),
the charge centroid (x) shifts lower significantly for the post-10K cycled device. This can be
explained as the following. Since the T.O. is damaged after 10K cycling, the charge loss
through T.O. is enhanced, and:the charge centroid shifts downward with time. This result also
suggests that our GSCS=method-can provide more in-depth understanding of the charge

migration during high temperature baking.

6.5 Capture Efficiency of Varieus'Gate-injection Operated SONOS-type Devices

Charge capturing efficiency is analyzed by comparing the experimental and theoretical
Q-t curves, as shown in Fig. 6.13. The theoretical Q-t calculation follows the similar approach
in section 4.2.1, where we assumed the —FN electron injection follows the Fowler-Nordheim
tunneling with fitting parameters of effective barrier heighy) (and effective mass @) of
T.0. However, the gy in section 4.2.1 should be changed texHEQ. (6-5) for the
assumption that the charges are at the center of nitride).

Figure 6.13 shows that the experimental Q-t is well correlated with the theoretical results
for both SONOS with ONO = 54/70/90A and 54/80/70A when the total charge is smaller than
6x10electron-crif. Moreover, the fitting parameters of T.O. are quite reasonable to the
thermal oxide property (barrier height = 3.1eV and effective mass =)0.5his excellent
match indicates that most of the gate-injected electrons (<'®&td€tron-crif) are captured
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by nitride equal to or greater than 70A. When the total charge density is larger than
6x10%electron-crif, the total injected electrons may not capture completely by nitride, and
the trapped electrons may out-tunnel through the B.O.

From above results, we demonstrate that for both channel-injection and gate-injection

operations, a nitride 70A or thicker can capture most of the injected electrons.

6.6 Summary

In this chapter, the charge-trapping behaviors of gate-injection operated SONOS-type
devices are investigated in detail. Our results show that for —FN electron injection from gate
the charge centroid is close to the center of nitride, irrespective of different nitride thickness
and tunnel dielectric. On they'other hand, fors+FN hole injection from gate, afér e
recombination the residualkholes are-accumulated insthe top portion of nitride, and the residual
electrons are accumulated in the bottom pertion of nitride. Therefore, there is an electron and
hole vertical mismatch. .By comparing' SONOS with=SONS, we concluded that the major
trapped charges are within. the "nitride bulk“instead.of the nitride/oxide interfaces. Moreover,
two-region approximation model could-well' monitor electrons and holes simultaneously for
SNOS and SNS structures.

Although there is an electron and hole vertical mismatch after +FN hole injection, the
devices still have excellent cycling endurance characteristics. By comparing the post-10K
cycling retention with fresh-state retention, we found that 10K cycling degrades the T.O.
quality and causes more charge loss through the T.O. Moreover, we also demonstrated that
nitride 70A or thicker can capture most of injected charges for both channel- injection and

gate-injection operations.
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Top BE-SONOS SONoS

ONO
barrier

(a) ‘e (b)

Fig. 6.1 (a) Top BE-SONOS with ONO barrier at the top and (b) SONoS with a thin top
oxide. Both program and erase are by gate injection.
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Fig. 6.2 Comparison of GS capacitors (Top BE-SONOS, ONONO = 94/70/30/20/12A) with
different poly gate doping concentrations. (a) CV curvesAiys gs during —FN
programming. (C)AVgg s during +FN erasing. ThAV g gs is insensitive to poly
gate doping concentrations.
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Fig. 6.3 Comparison of CS capacitors (Top BE-SONOS, ONONO = 94/70/30/20/12A) with
different poly gate doping concentrations. (a) CV curvesA)s cs during —FN
programming. (C)AVgg csduring +FN erasing. The device with more lightly doped
poly gate has larger\s cs
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Fig. 6.4 (a) —FN electron gate injection characteristics of SONOS (54/70/90A). CS capacitor
has largelAVgg because its T.O. is thicker than B.O. (b) Q-t and (c) x-t/x-Q plots.
The x-Q plot is transformed by Q-t and x-t plots. The final mean vertical location is
close to nitride center (~ 35A).
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Fig. 6.5 Calculated x-Q plots for various SONOS devices. (a) 54/70/90A, (b) 54/80/70A, (c)
54/75/45A, and (d) 54/80/25A. For all samples, the final mean vertical locations are

close to nitride center.
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Fig. 6.6 Calculated x-Q plots for various top BE-SONOS devices. (a) 54/70/25/20/15A and
(b) 54/70/20/20/15A. For all samples, the final mean vertical locations are close to
nitride center.
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Fig. 6.7 Comparisons of J vsrdz curves of SONOS (54/70/90A) by assuming different
charge vertical locations. The charge centroid is more likely located near the nitride
center (Case 3 in (c)).
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Fig. 6.8 (a) —FN electron injection characteristics of SONS (ON=54/70A). (b) Calculated
x-Q plot. The final mean vertical location is inside nitride instead of accumulating at
the nitride/B.O. interface. This suggests that the major charge trapping is not at the
O/N interface.
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Fig. 6.9 (a) Q-t and (b) X-t/x-Q plots of top BE-SONOS (54/70/20/20/15A) during +FN
erasing. The devices are first programmed by —-17V 0.26sec by electron gate
injection, and then erased by various +FN voltages. The injected holes first
recombine with the top electrons resulting in the downward motion of the charge
centroid.

144



Chap.6, GSCS Method Applications: Study of Gate-injection Operated SONOS-type Devices

SNOS (70/70) SNS (120)
2x1012 6x1012 _
b Region 2:
0 ¢ 4x10 Electron
2x1012
<< -2x1012 < 0
3 i S -2x10%2
~ _ 12 [—@— Q1(-7V) —
O 4x10 : o (-8V) o _4X1012
r—il— Ql (-9V) _ 12
-6x10%2 | —O— Q2(-7V) _ ox10 _
[ —— Qz2(-8V) Region 1: 8x1012 Region 1: Hole
{1 Q2(-9V) Hole
-8x10% : : : : : -10x10"2 : : : :
10® 10% 10* 10° 102 10¢ 0% 10° 104 10° 102 10°¢
Time (sec) Time (sec)
(@) (b)

Fig. 6.10 Calculated Q-t results for (a) SNOS (70/70A) and (b) SNS (120A) by using
two-region approximation method,@nd Q indicate the charges inside the bottom
and top portions of nitride, respectively. The polarities patd Q are also shown.
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Fig. 6.11 Extracted (a) Q-t and (b) x-t plots during 10K P/E cycling endurance of SONoS
(54/80/25A). The program and erase conditions are —15V 4msec and +10V 0.3sec,
respectively. At the initial few P/E cycles, the Q and x are slightly varied, but then
soon become very stable after many P/E cycling.
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Fig. 6.12 (a) Comparison of 2%D retention characteristics of fresh and post-10K cycling
devices. (b) Extracted x-Q curves. The devices are programmed at —15V 0.26sec
before baking. As the total charge (Q) decreases with time due to charge loss, the x
of fresh device stays almost constant, but the x of post-10K cycling device shifts
lower.
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Fig. 6.13 Comparisons of the experimental and theoretical Q-t for (a) 54/70/90A and (b)
54/80/70A at various —FN program voltages. The experimental Q-t is well
correlated with the theoretical results.
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7.0 Introduction

For charge-trapping (CT) devices, the erase operation is the most challenging.
Conventional SONOS has a very slow FN erase speed when tunnel oxide is thick (> 25A)
while a thinner tunnel oxide causes severe retention loss. Therefore, several novel devices
have been proposed to overcome this issue [7.1-7.2]. However, there is a lack of fundamental
understanding of CT devices, especially for the erase mechanism. In general, the erase
operation for all CT devices comes from two possible mechanisms. One is electron
de-trapping from charge-trapping layer, and the other is external hole injection to compensate
the trapped electrons. Both mechanisms result in the sarshif¥ (or Vi shift), and cannot
be easily discriminated.

For conventional SONOS devices, the tunnel oxide is simple, and it is easily calculated
that when the tunnel oxide‘thicknessris above 25A; hole direct tunneling is suppressed [7.1].
This is because oxide has a large hole barrier height (~ 4.5eV), hence hole FN tunneling is
essentially negligible [7:2]. We have-studied SONOS using a thick tunnel oxide (~ 50A)
[7.3-7.4] and found that"the FN eraseis very slow and mainly comes from the electron
de-trapping from nitride. For such-simple structure the erase mechanism can be distinguished
because the FN or direct tunneling rate can be accurately calculated. However, for novel
devices using new materials, it is difficult to discriminate between hole tunneling and electron
de-trapping since the charge transport mechanism is unclear. It is therefore necessary to
develop a systematic method to identify the erase mechanisms.

In this chapter, we will propose a systematic way to investigate the erase mechanisms of
SONOS-type devices for both channel- and gate-injection operations. We adopt GSCS
method to determine the total charge density (Q) and mean vertical location (x) during FN
erasing. Erase tunneling current density (J) can be directly calculated by the time
differentiation of Q, and can be plotted as a function of tunnel oxide electric fighd JEE

curve relates directly to the physics of tunneling and can be fairly compared, therefore, the J-E
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plots can easily discriminate electron de-trapping and hole injection. In addition, we also

exploit the refill method [7.3] to examine the erase and further verify our findings.

7.1 Theoretical Equationsfor J-E Curve Extraction

To investigate the erase mechanisms of CT devices, we plot the instantaneous erase
current density (J) vs. tunnel oxide e-field,{)Ecurves. For both channel- and gate-injection
operations, we can directly calculate the J by time differentiation of total charge density Q

from experimental data.

=910 (7-1)
dt

It should be noted that for different kinds of operations, thg iE different. For
channel-injection operation, .thegs equal to B.O.e-field ) and independent of charge

centroid X.

e[ FAV:, s
EOT

where \& (negative) is the erase’ voltage :applied “'to the gate. On the other hand, for

on = EBox (7-2)

gate-injection operation, thegEs equal to T.O. e-field (Bx) instead of Eox, and the ky

depends on the charge centroid x.

— gN QTBox + gonX + go‘gox‘gNVG
X Tox
&€ ENEOT

(7-3)

where \& is positive for gate-injection operation.

J-E curve is directly related to a certain tunneling mechanism. For example, if the erase
mechanism is external hole tunneling, then J-E curves should follow a tunneling equation,
where J is only a function of tunnel oxide e-field, and independent of the trapped charge
density or trap energy profile. Various J-E curves can be obtained by using different erase
voltages or different initial M. Since J depends only on e-field, various J-E curves should
follow the same curve and merge together. On the other hand, if the erase mechanism is
electron de-trapping, then de-trapping current J depends not only on the e-field, but also on
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the energy profile of the trapped electrons and the charge density. Then J-E curves from
different erase conditions do not overlap.
Therefore, the comparison of J-E curves from different erase conditions provides us a

systematic way to identify the erase mechanisms for various CT devices.

7.2 Erase Characteristicsfor Hole I njection
In this section, we first investigate the J-E curves of various SONOS-type devices with
hole injection erase mechanism, including SONOS (SONOS with a thin B.O.), SONoS

(SONOS with a thin T.O.), BE-SONQOS, and top BE-SONOS.

7.2.1 SONOSwith a Thin Bottom ©Oxide

We first examine the erase-characteristics of SONOS (20/70/90A). The device is
programmed by +FN (+14V) from the initial fresh-stated* 0V) to a high Vg, and then
erased by —FN (-10V ~ =12V) to a loweggyas shown'inFig. 7.1. In Fig. 7.1(a), tN&gg of
GS and CS capacitors are clearly different.“This is easily understood because the T.O. is much
thicker than B.O. for SONOS.

In Fig. 7.1, the twd\Vgg (AVEscsandAVeg g at a given time can be transformed into
Q(t) and x(t) by using Egs. (3.3) and (3.4); the results are shown in Fig. 7.2(a)-(b) and (c)-(d)
for +FN program and —FN erase, respectively. For the program (Fig. 7.2(a)-(b)), x(t) shows
that electron centroid migrates from the bottom interface toward the center of nitride. On the
other hand, Q(t) shows a similar shap@¥ss-t (Fig. 7.1(a)), as expected. For the —FN erase
(Fig. 7.2(c)-(d)), we find that Q decreases (electron number decreases) while the charge
centroid of remained electrons moves upward toward the top interface.

The J-E curves of SONOS during —FN erasing can be simply calculated by Egs. (7-1) and
(7-2). Figure 7.3 shows that the extracted J-E curves for different erase voltages excellently
merge together, and the curves almost follow the modified Fowler—Nordheim (MFEN) hole
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tunneling. The detailed equations about theoretical MFN hole tunneling are shown in
Appendix F, and the corresponding fitting parameters are shown in Table F-1. This result
implies that the erase mechanism of SONOS (B.O. = 20A) should be the hole injection from

channel, as expected.

7.2.2 SONoSwith a Thin Top Oxide

For gate-injection SONoS (54/80/25A), the polarities of operation voltages are inversed
as compared with channel-injection operated devices. We first apply —FN to program the
devices from fresh state, and then erase the devices from program state by using +FN, as
shown in Fig. 7.4(a) and (b). Using Egs. (3-3) and (3-4), we can obtain the x-Q curves during
+FN erasing, as shown in Fig.«7.4(c). Contrary to Fig. 7.2(c) where the channel injected holes
causes upward X, the gate injected;holes first.recombine the top electrons and then gradually
move toward the bottom pertion of nitride” (charge centroid of remained electrons moves
downward as electron density decreases). Figure 7.4(d) shows the J-E curves calculated by
Egs. (7-1) and (7-3). The J-E curves merge together and follow the MFN hole tunneling (the
fitting parameters are shown"in  Table-F-1), which indicates that the erase mechanism of
gate-injection SONOS capacitor is hole injection from poly gate.

This result further proves that our systematic method can be successfully applied to
investigate the erase mechanisms of charge-trapping devices for both channel- and

gate-injection operations.

7.2.3 BE-SONOS

BE-SONOS also allows hole-tunneling erase owing to the band offset effect in the ONO
barrier at high e-field [7.5]. We have investigated the program/erase characteristics of
BE-SONOS in section 5.1.3, and the results show that the trapped charge behaviors of
BE-SONOS are similar to SONOS. J-E curves during erasing of BE-SONOS (13/20/25/70/
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90A) are shown in Fig. 7.5(a). It also shows that J-E curves for various erase conditions
merge together. This suggests that BE-SONOS is erased by hole tunneling mechanism, just
likes SONOS.

In order to further investigate the hole injection of BE-SONOS, we measure the erase
characteristics of BE-SONOS (O1/N1/02/N2/03) with various N2/O3 thickness. The
extracted J-E curves are compared and plotted in Fig. 7.5(b). All J-E curves overlap in one
single cluster. This is not a coincidence. Since the tunneling barrier for all the samples is the
same, they should follow the same hole tunneling mechanism. It therefore shows identical J-E
curves for all samples. The variation in N2/O3 affects the erase speed (because it changes the
e-field under the same erase voltage) but not the J-E curves. The above results also indicate
that the erase behaviors for various N2/0O3 scaling of BE-SONOS are easily predicted since
J-E curves are identical. This fact ispvery useful in'the EOT reduction for BE-SONOS NAND
Flash scaling.

Since in BE-SONOS the holes tunnel through @an ONO barrier instead of a thin tunnel
oxide, in MFN modeling we replage the B:O. by.the O1 (13A) of ONO barrier. This MFN
modeling can also well fit the J-E curves;as shown in Fig. 7.5(b), and the fitting parameters
are shown in Table F-1. This result suggests that the erase mechanism is indeed hole
tunneling.

Comparing the J-E curves of SONOS (Fig. 7.3) and BE-SONOS (Fig. 7.5), we find that
at high e-field, BE-SONOS has a larger hole current. On the other hand, at low e-field,
BE-SONOS has a much more suppressed hole current. It shows that SONOS cannot suppress
direct tunneling leakage at low e-field, and is built in with retention problems. However,
BE-SONOS shows much suppressed leakage at low e-field; it therefore is built in with

excellent data retention.

7.2.4 Top BE-SONOS
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Since the top BE-SONOS (up-side-down BE-SONOS) has a top ONO batrrier, the gate
holes can easily tunnel into nitride to erase trapped electrons. The program/erase
characteristics of top BE-SONOS are similar to BE-SONOS, as illustrated in section 6.3.1.

J-E curves of top BE-SONOS (54/70/25/20/15A with ISSG oxides and 54/70/20/20/15A
with HTO oxides) during erasing shown in Fig. 7.6 merge together and can be well fitted by
MFN model (the fitting parameters are shown in Table F-1), which suggests that the erase
mechanism of top BE-SONOS is really hole injection from poly gate. Similar to BE-SONOS,

in MFN modeling we replace the B.O. by the top oxide (15A) of ONO barrier.

7.3 Erase Characteristicsfor Electron De-trapping

We next examine the erase characteristics of SONOS with thicker tunnel oxides. For
SONOS (26/70/90A), the erase speed shown in Fig#7.7(a) is much slower than SoNOS (Fig.
7.1(b)) since the hole tunneling Is greatly reduced by thicker B.O.

The J-E curves shown in Fig. 7:7(b) illustrates two kinds of behaviors, at initial erasing
(< 0.1s) the J-E curves are. slightly'scatteredas compared with SONOS, BE-SONOS, SONoS,
and top BE-SONOS. However, after long-erasing time the J-E curves merge together. It means
that the SONOS with B.O. = 26A has mixed erase mechanisms — initially governed by
electron de-trapping (from shallow traps), and then hole tunneling (follow MFN equation, and
the fitting parameters are shown in Table F-1). It should be noted that under normal operation
(time < 0.1s) the dominant erase mechanism is electron de-trapping. Within this region, the
smaller erase voltage results in higher de-trapping current as compared with larger erase
voltage under the same,EThat is because under the samg Ehere are more remained
trapped electrons inside nitride for smaller erase voltage, and then contribute to higher
de-trapping current.

The erase speed is further reduced for thicker B.O., as shown in Fig. 7.8(a). Figure 7.8(b)
shows the J-E curves of 54/70/90A, 70/70/90A, and 90/70/90A, all curves are very scattered
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for different B.O. thickness and erase conditions. Moreover, the erase current (electron
de-trapping current) in Fig. 7.8(b) is much smaller than that of hole current (Fig. 7.7(b)).

The scattered characteristics of J-E curves for SONOS with B.O. > 54A is a clear
distinction from that of the SONOS or BE-SONOS. This clearly suggests that the erase
mechanism is not hole tunneling but electron de-trapping. Furthermore, the scattered J-E
curves indicate that electron de-trapping current density not only depends on the e-field, but

also on other parameters. One possible factor is the trapping energy spectra of electrons.

7.4 Refill Characteristics

In order to study the impact of trapping energy on the erase characteristics, we apply the
previously discovered refill methed [7.3] to study:the J-E curves. The refill operation partially
erases the device and re-programs to the sameaxd repeats this sequence for several times.
Our previous model indicates that the refill.operation can shift the shallowly trapped electrons
to deeper traps (blue shift) for SONOS with. a thick-B.O. (54A), to give the device better
retention even after severée_hot-hole erase stressing.[7.3-7.4].

We first investigate the” refill:characteristics of SONOS (20/70/90A), BE-SONOS
(13/20/25/70/90A), SON0S (54/80/25A), and top BE-SONOS (54/70/25/20/15A). It shows
that refill has no effect on the erase speed, and the J-E curves are simply identical after several
refill times, as shown in Fig. 7.9. The results indicate that hole-tunneling injection only
depends on the e-field in the tunnel oxide, and it is independent of electron trapping energy.

We next examine the refill characteristics of SONOS with a thicker tunnel oxide. For
SONOS (26/70/90A), the »¢ shifts slightly decrease after refill treatment, and the
corresponding J-E curves are shown in Fig. 7.10. The results show that J slightly decreases
after refill treatment. It means that “some” electron de-trapping occurs during erasing, and
refill changes the energy level of injected electrons from shallow to deep which results in
smaller J. Finally, the erasing current J mainly comes from hole tunneling.
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The refill characteristics of SONOS (54/70/90A) are shown in Fig. 7.11(a). Compared
with SONOS (26/70/90A), the refill characteristics are more significant. This is because its
B.O. is thicker such that the electron de-trapping is the dominant mechanism for charge loss
while hole tunneling is completely suppressed. Thus, refill characteristics are more obvious.
The x-t (Fig. 7.11(b)) and Q-t (Fig. 7.11(c)) show that during erasing the mean charge
centroid x slightly increases and the total electron density Q decreases. This suggests that the
electron de-trapping first comes from the bottom portion of the nitride. On the other hand, Q-t
shows that the charge loss after erasing is significantly decreased after refill treatment.
However, the x-t plot is unaffected after the refill sequence. This suggests that the effect of
refill does not come from the charge vertical profile modulation, but comes from energy
spectrum shift. Moreover, the J-E curves in Fig. 7.11(d) show that the erase current density (J)
decreases greatly after refill. That-is because. there: are more deeply trapped electrons (blue
shift), therefore, de-trapping 'speed is slower after refill.

Previously, spectrum blue shift.-model was proposed to explain this refill process [7.3].
We also use this simple model to.simulate“the charge loss after refill for various refill times,
and the model can fit the experimental-data very well, as shown in Fig. 7.12(a). The simulated
trapping energy distribution after various refill processes is shown in Fig. 7.12(b). Each refill
sequence shifts the trapping energy higher (blue shift) and the distribution tighter, and it
finally saturates.

We have also examined the refill characteristics of 70/70/90A and 90/70/90A (not shown

here). The refill characteristics are similar to that of 54/70/90A.

7.5 Summary

In this chapter, we provided a detailed understanding of the erase mechanisms of
SONOS-type devices for both channel- and gate-injection operations by using the GSCS
method. Using this method, we can accurately monitor the charge centroid (x) and charge
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density (Q) during erasing. According to the Q and x, we can further plot the J-E curves
during erasing. The results show that for the devices we can reasonably expect to erase by
hole injection (SONOS, SONoS, BE-SONOS, and top BE-SONOS), the J-E curves at
different erase conditions overlap and are independent of EOT for the same tunnel barrier.
Moreover, the extracted J-E curves can be well modeled by theoretical MFN equation.
Applying the refill operation does not change the J-E curves. These results suggest that the
erase mechanism is indeed simple hole tunneling injection, and electron de-trapping is
insignificant.

On the other hand, for SONOS with B.O. = 54A, hole tunneling is almost entirely
blocked, and de-trapping becomes the dominant erase mechanism. The erase speed is much
slower since the de-trapping current is much Smaller than hole tunneling current. J-E curves
are scattered for various=erase conditions. Moreover, refill operation further reduces the
de-trapping speed. These results suggest that electron de-trapping is not only a function of
e-field, but also a function of trapping energy..Spectrum blue shift model can well explain the
refill characteristics.

Therefore, this work provided a-clearer ‘understanding of the erase mechanisms of
SONOS-type devices. Hole tunneling or electron de-trapping can be easily discerned using
this systematic method. Moreover, the analysis of J-E curves also provided a fair comparison

for various CT devices, as well as further modeling of the tunneling mechanism.
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Fig. 7.1 (a) Program and (b) erase characteristics of SONOS (20/70/90A).
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Fig. 7.2 (a) X-t and (b) Q-t of SONOS (20/70/90A) during programming transformed from
Fig. 7.1(a). X-t shows that electron centroid migrates from the bottom interface
toward the center of nitride. On the other hand, Q-t has a similar shApggs (C)
X-t and (d) Q-t of SONOS during erasing transformed from Fig. 7.1(b). The charge
centroid (remained electron) moves upward toward the top interface, and the
electron density decreases.
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Fig. 7.3 J vs. B of SONOS (20/70/90A) during erasing by using Egs. (7-1) and (7-2).
Different erase voltages follow the same trend, and they can be well fitted by MFN
equation.
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Fig. 7.4 (a) Program and (b) erase characteristics of SONo0S. (c) X-Q during erasing
transformed from (b). The charge centroid moves downward toward the bottom
interface as electron density decreases. (d) J vs. Eox during erasing by using Egs. (7-1)
and (7-3). Different erasing voltages follow the same trend, and they can be well
fitted by MFN equation.
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Fig. 7.5 (a) J vs. & curves of BE-SONOS (13/20/25/70/90A). (b) Comparison of J ys. E
curves for BE-SONOS with various N2/0O3 thickness. All J-E curves overlap in one
single cluster. Therefore, we can know that the hole injection is independent of
N2/03 compositions. The J-E curves can be well fitted by MFN model.
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Fig. 7.6 J vs. b of top BE-SONOS capacitors during erasing by using Eqgs. (7-1) and (7-3).
Different erase voltages follow the same trend. Both samples can be well fitted by
MFN model.
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Fig. 7.7 (a) Erase characteristics and (b) J ysoESONOS (26/70/90A). The erase speed
is much smaller than SoNOS (Fig. 7.1(b)). At initial erasing, the dominant erase
mechanism is electron de-trapping while hole tunneling dominates after long
erasing time, and the J-E curves follow MFN equation.
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Fig. 7.8 (a) Erase characteristics of SONOS (54/70/90A). The erase speed is much slower
than SONOS with thinner B.O. (b) J vsoxEof 54/70/90A, 70/70/90A, and
90/70/90A. The J-E curves are very scattered for different B.O. thickness and erase
conditions. Electron de-trapping contributes to charge loss.
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Fig. 7.9 J vs. K curves of (a) SONOS (20/70/90A), (b) BE-SONOS (13/20/25/70/90A), (c)
SONoS (54/80/25A), and top BE-SONOS (54/70/25/20/15A). J-E curves are simply
identical after several refill times. Hole-tunneling injection can be repeated
continuously.
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Fig. 7.10 J vs. § curves of SONOS (26/70/90A). The J slightly decreases during refill. Some
electron de-trapping occurs during erasing. Finally, the erasing current J mainly
comes from hole tunneling.
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Fig. 7.11 (a) Refill characteristics of SONOS (54/70/90A). Akeg decreases during refill.
(b) X-t and (c) Q-t during refill transformed (a). During ¢-¢tressing the x is
slightly increased, but the Q is decreased. After refill sequence x-t plot is repeated,
but charge loss is significantly decreased. It means that the refill characteristic does
not come from the charge vertical profile modulation, but comes from energy
spectrum shift. (d) J vs. o curves. The J decreases during refill. Electron
de-trapping occurs during erasing, and the energy level of injected electrons
changes from shallow to deep, which results in smaller J.
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Fig. 7.12 (a) Charge loss vs. refill times of experimental data and mathematical model fitting.
The experimental data can be well fitted by mathematical model. (b) Simulated
results of energy spectrum. Each refill sequence shifts the trapping energy higher
(blue shift) and the distribution tighter, and it finally saturates.
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8.0 Introduction

Charge-trapping (CT) devices have gained great attention in non-volatiie memory
applications. However, it is hard to monitor the “real” trapped charge behaviors using
conventional DC-IV measurement, especially for the memory with serious hysterisis.
Recently, pulse-IV techniques have been developed to characterize traps k dagh-
dielectrics of CMOS logic devices [8.1-8.4], and they mainly deal with drain current transient
response and fast NBTI behaviors. However, few studies talked about the applications on
SONOS-type memory.

In this chapter, we developed a memory-like operation with program/erase pulses,
together with reading immediately after P/E or concurrently with the applied pulses. The
transient tunneling current, fast.program/erase/read operations, and fast retention relaxation
can be accurately characterized. Using this. new technique we have studied the transient
behaviors of SONOS-type devices exhaustively. This hew characterization method also opens

a new pathway to study quasi-non-volatile memory forrnew applications.

8.1 Pulse-1V Technique and Setup

We designed different pulse-IV setup for characterizing large areqr60500 pm)
capacitors (hsource/drain, p-well, and poly gate) and small dimension (L ~ 50nm and W ~
0.2um) transistors.

The pulse-IV setup for transistors is shown in Fig. 8.1(a). The pulses are applied to the
gate (&) and drain (%) while source current is measured immediately after P/E. The source
current (k), which is nearly equal to drain currens)(lis converted to voltage signal by using
a fast current to voltage amplifier. Arbitrary waveforms can be generated to design any
specific program/erase/read sequence. The oscilloscope can simultaneously ecdledth/
waveforms.

For capacitors, the pulse-IV setup is shown in Fig. 8.1(b). The pulse is only applied to
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gate while the drain, source, and body are connected together (capacitors in this study are
fabricated with source/drain and body contacts). The total current of source, drain and body is
then measured by the oscilloscope.

Detailed cable connection, shielding and impedance matching are carefully arranged to

eliminate spurious responses.

8.2 Transient Tunneling Currents of Capacitors

In this section, we first discuss the transient tunneling currents of various capacitors,
including SOS, SNS, SONS, and SONOS. In addition to investigate gate voltage and pulse
width dependence, we also examine the area and temperature dependence. Therefore, the
detailed transient charging behaviors of various. SONOS-type capacitors will be discussed

extensively.

8.2.1 SOS Capacitor

We first measured transienttuhneling currentof SOS (25A) capacitor for a reference and
calibration, as shown in Fig. 8.2. This-standard gate oxide capacitor with no trapping layer
shows no spurious response for various gate voltages (Fig. 8.2(a)) and pulse widths (Fig.
8.2(b)), indicating that our setup does not generate detectable noise. Figure 8.2(c) also shows
the corresponding band diagram underc+yperation. Both substrate electron tunneling

current and gate hole tunneling current contribute to total tunneling current.

8.2.2 SNS Capacitor

Next, we measured the transient tunneling current behavior of SNS (133A) capacitor,
which does not have B.O. and T.0O., as shown in Fig. 8.3. The tunneling current is initially
high but then gradually decreases and saturates. The transient behavior is independent of
pulse width (Fig. 8.3(b)), and similar for all gate voltages (Fig. 8.3(a)). The pulse width
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independence suggests a transient behavior, such as trapping. A reasonable explanation is that
during the tunneling current measurement, some electrons are trapped in the bottom portion
while holes are trapped in the top portion of the nitride (section 4.1.3). Therefore, the
substrate electron tunneling current decreases as electrons are trapped near the bottom portion
of the nitride while gate hole tunneling current also falls at the rate of hole trapping in the top
portion of the nitride (the corresponding band diagram is shown in Fig. 8.3(c)). The decreased
substrate electron tunneling current and gate hole tunneling current result in decreased

transient tunneling current.

8.2.3 SONS Capacitor

The transient tunneling eurrent of SONS #(54/114A) capacitor is shown in Fig. 8.4.
Interestingly, it behaves quite (differently. from theSNS. The tunneling current gradually
increases and then saturates. Even though there iis,no T.0O., we still expect the tunneling
current of SONS comes.mainly from-electron tunneling from the substrate. On the other hand,
because there is substantial gate hole injection, some hole trapping occurs (section 4.1.3). This
hole trapping leads to enhanced electron tunneling and in turn increases transient tunneling

current. Figure 8.4(c) shows the corresponding band diagram.

8.2.4 Area and Temperature Dependence

We have successfully demonstrated that the transient behaviors of electron/hole trapping
can be directly monitored by our pulse-IV technique. In order to further confirm these
transient behaviors we also investigate the area and temperature dependence of SNS and
SONS, as shown in Fig. 8.5. For the area dependence (Fig. 8.5(a)), in order to fairly compare
the kotar IS NOrmalized to areawd = lota/area). We find that all transient tunneling currents of
different area almost merge together, implying that these transient behaviors are independent

of area. For the temperature dependence (Fig. 8.5(b)), the increased temperature enhances the
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tunneling current but the transient behaviors are almost the same. Therefore, we further
demonstrate that our pulse-IV technique can be adequately used to monitor the “real” charge

transient behaviors.

8.2.5 SONOS Capacitor

The transient tunneling current of SONOS (54/77/50A) capacitor is shown in Fig. 8.6.
Figure 8.6(a) shows that the CV curve has a large shift owing to the trapped charges. Contrary
to SNS and SONS, the transient tunneling current rises initially but then drops sharply and
decreases to almost zero. This very different transient behavior (from SNS and SONS) may be
explained by the T.O. in SONOS. The T.O. greatly reduces gate hole injection and thus allows
the accumulation of trapped electrons in the nitride. In turn the trapped electrons suppress the
tunneling current eventually. On theyother hand, both SNS and SONS have simultaneous gate
hole injection that limits the trapped electron density. As a result, the tunneling current of SNS
and SONS is not limited.

Previously, we have*shown that"SONOS .with thicker nitride (>70A) exhibits high
capture efficiency characteristics [5].- Therefore, we used the theoretical model (based on the
fully captured assumption) shown in Table 2 to simulate the transient behavior of SONOS
(54/77/50A). Figure 8.6(b) shows that the experimental tan be well fitted by using
reasonable parameterg (= 3.1eV and g = 0.5m). This result further supports that SONOS
with sufficient nitride thickness indeed can capture most of the injected electrons.

From above results, we find that the transient tunneling currents are strongly related to

the detailed charge trapping behaviors as well as the device structures.

8.3 DC and Transient Characteristics of Transistors
After discussing the transient tunneling currents of various capacitors, we next
investigate the DC and transient characteristics of small area transistors. For the practical
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applications, we monitor the drain current instead of total tunneling current. Moreover, we
intentionally designed SONOS-type devices with or without a thin tunnel oxide to enhance

the transient signal, and silicon-rich nitride is used to provide even higher trap density.

8.3.1 DC-IV Characteristics

The conventional DC-IV measurements are carried out by dual-voltage sweeps. The
results of SONS (30/50A) in Fig. 8.7 show that all transistors have very significant hysteresis.
This indicates that the devices are easily programmed/erased under low voltages (read
disturb). Moreover, silicon-rich nitride shows much larger hysteresis than the standard nitride.
This suggests that silicon-rich nitride is more efficient in trapping charges at low voltage [8.5].
Furthermore, p-channel transistors show slightly larger memory window than n-channel
transistors. Therefore, we focus on-p-channel transistors in this work.

The large hysteresis also suggests that the conventional DC-IV measurement to define
threshold voltage [8.6] is not appropriate since these transistors are easily disturbed during
DC measurements. As we_shall*see laterpulse-IV.is needed to accurately characterize these

transistors.

8.3.2 Pulse-1V Characteristics

In Fig. 8.1(a) pulse-1V setup for transistor measurement, arbitrary wave forms can be
generated to design any specific program/erase/read sequence. The oscilloscope can
simultaneously collect ¥ and b. Figure 8.8(a) shows the designed &d \f, pulses during
programming/erasing (P/E) cycling stress. Under P (E) phase,dhe pbositive (negative)
while the \, keeps at OV. Under reading phase, thei¥ -2V while the  is —1V. We
measure theslimmediately (within us) after P/E to monitor the instant current response.

The typical drain current response for the p-channel SONS (30/50A) is shown in Fig.

8.8(b). Under +FN (+7V (1s) programming, the gate holes inject into nitride. Therefore, the
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programmed state (PV) has smaller drain current(A)80n the other hand, under —FN
(=7V 1us) erasing the gate electrons inject into nitride to compensate the trapped holes,
leading to larger drain current (~ |i8) at erased state (EV). Large current difference (~

10pA) can be obtained after P/E.

8.4 Applicationsin Quasi-Non-Volatile Memory
Since these transistors can be programmed/erased at low voltages, we next consider the
applications in quasi-non-volatile memory. In this chapter, the program/erase, endurance, and

temperature/e-field dependence retention characteristics will be discussed exhaustively.

8.4.1 ProgranvErase Transient Characteristics

Instead of the conventionak\Wsxtime measurements, we measgranimediately after
program/erase pulse because this is what actually'measured by the sense amplifier.

The program and erase transient-behaviors of SONS (30/50A4), SONoS (30/50/8A), and
SoNOS (13/50/43A) are shown 'in.Fig. 8:9. Figures 8.9(a)-(c) show that the devices are easily
programmed within (s at low & bias:-Mereover, SONS shows much faster program speed
than SONoS or SoNOS. The reason is because SONS does not have tunnel oxide, thus
provides very fast injection speed (nitride has much lower barrier height than oxide). After
programming, ¢ decreases because of the hole injection in p-channel transistor. At longer
programming timed approaches zero. Figures 8.9(d)-(f) show that SONS has much faster
erase speed, and its erase speed is comparable with the program speed. This is because nitride
has similar tunneling barrier (~ 2eV) for both electron and hole.

In Fig. 8.9, SONOS needs reverse polarity for program/erase because SoNOS is
programmed/erased by channel-injection while SONS and SONoS operate through gate-

injection.
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8.4.2 Endurance Characteristics

The endurance characteristics of various transistors are compared in Fig. 8.10(a). Under
similar external e-field (11 ~ 12MV/cm) SONS shows the largest memory window. This is
caused by more efficient injection when the tunnel oxide is removed. Moreover, the
introduction of silicon-rich nitride also enhances the charge-trapping characteristics.

Figure 8.10(b) shows endurance characteristics of SONS under different bias voltages
and P/E time. The results show that the memory window increases with larger operation
voltages. However, the endurance is degraded because higher e-field causes more channel
injection through the B.O. that degrades the read current. Therefore, reducing the operation
voltage is necessary to improve the endurance. AkK\6V, endurance can be greater than

10" cycles, suitable for high-endurance quasi-ion-volatile memory applications.

8.4.3 Retention Characteristics

We also measured.the e-field and temperature-dependence retention characteristics of
SONS, SONoS, and SoNOS within very short time (frqm tb 0.1s), as shown in Fig. 8.11,
to further investigate the transient charge relaxation (retention) behaviors.

To monitor the e-field dependence of charge loss (Figs. 8.11(a)-(c)), we applied different
external gate voltages (waiting voltage) during retention. We find that the retention
characteristics of all devices are strongly dependent on external e-field since the external
charges could easily inject into nitride by direct tunneling at low voltages. The larger waiting
voltage results in larger e-field and larger injected current. The field dependence of SONS is
more significant than SONoS because SONS did not have a tunnel oxide to block the
tunneling current. Moreover, for the retention characteristics at 0V waiting voltage, SONS has
worse behavior as compared with SONo0S. This suggests that inserting a thin oxide between
nitride and gate can improve the retention behavior, however, it suffers slower P/E speeds.
Therefore, there is a trade-off between retention and P/E behaviors.
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On the other hand, we also studied the retention characteristics by using in-situ
high-temperature Pulse-IV measurement, and the results are shown in Figs. 8.11(d)-(f).
Surprisingly, the retention characteristics of all devices are very insensitive to the measuring
temperature (from 2& to 150C). Since the thermionic emission processes such as
Frenkel-Poole (FP) emission, which is mentioned in section 2.2.6, should be very sensitive to
temperature, we suggest that for SONS, SONoS, and SoNOS devices the retention charge loss
mainly comes from external charge injection (direct tunneling) to recombine the trapped
charges but not from the charge de-trapping through thermionic emission processes. This
result also suggests that the nitride traps are indeed very “deep” such that no fast de-trapping

occurs within seconds even at high temperatures.

8.5 Summary

Pulse-IV measurements have been successfully-applied to study the transient charging
behaviors of various SONOS-type capacitors. For SNS, we found that the transient tunneling
current decreases during the Julse since'the electrons are trapped near the bottom portion
of the nitride, and holes are trapped- in-the top portion of the nitride. On the other hand, the
transient gate current of SONS increases during thewse due to the hole trapping in the
top portion of nitride. Besides, their transient behaviors are independent of gate voltage, pulse
width, device area, and temperature. Since the T.O. in SONOS can block the gate injection its
transient tunneling current rises initially but then drops sharply and decreases to almost zero.
Theoretical model based on fully capture assumption could well fit its transient tunneling
current.

We also used pulse-1V technique to investigate the fast charge-injection and relaxation of
various SONS, SONoS, and SoNOS transistors. Since these transistors suffer from read
disturb during \f extraction by DC-IV measurement, our pulse-IV technique is needed to
monitor the instant drain current after all kinds of reliability tests without disturb. We
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demonstrated that under lower voltage operations (#®) the SONS can provide very high
endurance characteristic (#@cycles) for quasi-non-volatile memory applications. We also
proved that the major retention mechanism of these transistors comes from direct tunneling
leakage but not from thermionic emission of traps. Therefore, the nitride can provide very

“deep” traps and promise for good non-volatile memory.
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Fig. 8.1 Pulse-IV setup for (a) transistor and (b) capacitor measurements. For transistor,
pulses are applied to the gate and drain while source is connected to a current-voltage
amplifier. Both gate pulse and source current can be monitored by oscilloscope. For
capacitor, pulse is only applied to gate, and source/drain/body are connected together
to measure the total tunneling current.
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Fig. 8.2 Transient tunneling current of SOS (25A) capacitor under various (a) gate voltages
and (b) pulse widths. Theyl stays constant, and there is no transient relaxation
for a pure gate oxide. This indicates that our measurement setup does not have
spurious responses. (c) The corresponding band diagram ungepekation.
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Fig. 8.3 Transient tunneling current of SNS (133A) capacitor under various (a) gate voltages
and (b) pulse widths. Theyh drops during the ¥ pulse. This can be explained by
the net electron trapping that results in decreased electron tunneling current. In (b),

longer Vs pulse does not change thgilrelaxation behavior. (c) The corresponding
band diagram under +\operation.
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Fig. 8.4 Transient tunneling current of SONS (54/114A) capacitor under various (a) gate
voltages and (b) pulse widths. Thgalrises during the ¥ pulse. This indicates that
there is some hole trapping (coming from gate injection) that increases the substrate
electron tunneling. (c) The corresponding band diagram undgopgtration.
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Fig. 8.5 (a) Area and (b) temperature dependence of SNS (133A) and SONS (54/114A). The
liotar IN () IS Normalized to area. The transient behaviors are independent of area and
temperature.
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Fig. 8.6 (a) CV curves of SONOS (54/70/90A) capacitor before and after programming. (b)
The transient tunneling current during +FN programming shows a lakgaitially
but decreases afterwards. Moreover, the measuxgaddn be well fitted with our
model.
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Table 8.1 Theoretical modeling flow chart for transient tunneling current modeling by
assuming fully capturing.
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Fig. 8.7 Comparison of dual-sweep DC-IV for SONS with standard and silicon-rich
nitride-trapping layer. (a) N-channel transistors. (b) P-channel transistors. Gate
voltage sweeps from -5V to +5V, and then +5V to -5V for n-channel, and it sweeps
reversely for p-channel. The hysteresis direction is also indicated. The inset is the
typical cross-sectional view of SONS device.
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Fig. 8.9 Program and erase transient behavior of SONS ((a) and (d)), SONoS ((b) and (e)),
and SoNOS ((c) and (f)) p-channel transistors. SONS shows the fastest program and
erase speeds. SONOS uses inverse polaritg (eVthe program, and +Yfor the
erase) because it is channel-injection mode.
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Fig. 8.10 (a) Endurance characteristics of SONS, SONoS, and SONOS. SONS shows the best
memory window. (b) Endurance characteristics of SONS device under different bias
voltages and P/E time. At +/—6V operation, more thafl B(E cycling is achieved.
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Fig. 8.11 (a)-(c) Field dependence and (d)-(f) temperature dependence of retention
characteristics of SONS, SONoS, and SoONOS. SONS and SONoS are P/E by +/-8V
50us while SONOS is P/E by —/+8V @6 before retention test. Different external
gate voltages (waiting voltage) are applied for field-dependence retention test while
different in-situ baking temperatures are applied for temperature-dependence
retention test. The retention characteristics of all devices are sensitive to the waiting
voltages, but not on the storage temperatures.
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9.1 Summary of Findings and Contributions

In this dissertation, the charge trapping characteristics of SONOS-type devices have been
investigated extensively by using gate-sensing and channel-sensing (GSCS) method or
pulse-IV technique. Our study provides in-depth physical understanding of trapped charge
behaviors of SONOS-type devices.

In chapter 3, we provided the detailed discussion of our novel GSCS method. Both bulk
trap model, where total charge density (Q) and mean vertical location (x) can be monitored
simultaneously, and two-region approximation model, where the charges in the bottom
portion of nitride (Q) and top portion of nitride (§) can be monitored separately, are
introduced. Based on these two models, we could successfully demonstrate our GSCS method
on various SONOS-type devices. This . GSCS method has a high accuracy against the
thickness error of B.O., nitride, or T.QxEven'if GSand CS capacitors have different injected
charges due to the finite.thickness differences in B.O., our GSCS method still provides high
accuracy at high injection level.

In chapter 4, the applications:.of GSCS.method.on trapped charge vertical location and
capture efficiency have been; discussed in«detail. By comparisons with various SONOS,
SNOS, SONS, and SNS devices, we concluded that nitride bulk traps are the dominant traps.
On the other hand, for SONOS and BE-SONOS with different nitride/T.O. compositions, the
electron centroid is very close to the center of nitride after longer injection. This result also
suggests that the injected charges are mostly trapped inside the bulk nitride instead of
oxide/nitride interfaces. Compared the theoretical Q-t model with experimental Q-t data, we
found that SONOS with nitride thicker than 70A is has high enough capture efficiency, and
the capture efficiency drops significantly when nitride thickness is only 35A, then becomes
negligible for a 20A nitride. Therefore, the trap-layer engineering could not further improve
the capture efficiency.

In chapter 5, we investigated the intra-nitride charge transport behaviors of SONOS-type
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devices by using GSCS method. We found that for the electron injection (+FN program), the
electron centroid migrates from the bottom interface toward the center of nitride. For the hole
injection (—FN erase) in SONOS with a thin B.O. or BE-SONOS, holes first recombine with
the bottom electrons and then gradually move upward, and finally the residual electron and
hole centroids have vertical mismatch. However, the mismatch should be viewed as a
snapshot of erased state, and should not be interpreted as two separate pockets of charges
co-inhabiting the nitride. Since during P/E cycling most trapped electrons/holes are
neutralized by the erasing holes/programming electrons, SONOS-type devices could still
possess excellent P/E cycling endurance. On the other hand, for the electron de-trapping in
SONOS with a thicker B.O., the trapped electrons de-trap first from the bottom portion of
nitride, leading to upward charge centroid.” For the high-temperature retention, within
short-term baking (< 1day), thejtrapped electrons move to lower portion of nitride
(intra-nitride transport); after long-term baking (> 1day), the charge loss mainly comes from
the bottom portion of nitride. However; this intra-nitride transport is significant only at very
high-temperature baking (5.2l0), and the charge vertical or lateral spreading may not be the
dominant retention mechanism at lower storage temperature.

In chapter 6, the charge-trapping behaviors of gate-injection operated SONOS-type
devices have been investigated in detail. The results of gate-injection operated SONOS-type
devices are very similar with that of channel-injection. For —FN electron injection from gate,
the charge centroid is close to the center of nitride; for +FN hole injection from gate, after
e/h* recombination the residual holes are accumulated in the top portion of nitride while the
residual electrons are accumulated in the bottom portion of nitridhé yertical mismatch).
Although there is an’#" vertical mismatch after +FN hole injection, the devices still have
excellent cycling endurance characteristics. However, 10K cycling degrades the T.O. quality
and causes more charge loss through the T.O. during high-temperature baking. Moreover,
nitride 70A or thicker also captures most of the injected charges (<%iedron-crif).
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In chapter 7, we provided a detailed understanding of the erase mechanisms of
SONOS-type devices for both channel- and gate-injection operations by using the GSCS
method. Using this method, we could monitor the charge centroid (x) and charge density (Q)
during erasing. According to these Q and x, we could further plot the J-E curves during
erasing. The J-E curves of SONOS, SONoS, BE-SONOS, and top BE-SONOS at different
erase conditions overlap and are independent of EOT for the same tunnel barrier, and they can
be well modeled by theoretical MFN hole injection equation. Therefore, the erase mechanism
is external hole injection. On the other hand, for SONOS with B.G44, the J-E curves are
scattered for various erase conditions. Moreover, refill operation further reduces the erase
speed. Therefore, the erase mechanism is electron de-trapping from nitride traps, and it is a
function of e-field and trapping-energy. Usingsthis systematic method, hole tunneling or
electron de-trapping can be easily discerned.

In addition to GSCS methogulse-1V measurements have been successfully applied to
study the transient charging behaviors:of various SONOS-type devices in chapter 8. For SNS
capacitor, since the electrons: are trapped near the bottom portion of the nitride, and holes are
trapped in the top portion of the nitride-under +FN operation, the transient tunneling current
decreases during thes\pulse. Different transient behavior can be found in SONS capacitor,
its transient tunneling current increases during theWse due to the hole trapping in the top
portion of nitride. Moreover, the T.O. in SONOS can block the gate injection so that its
transient tunneling current rises initially but then drops sharply and decreases to almost zero.
By using theoretical model based on fully capture assumption, its transient tunneling current
could be well modeled. On the other hand, we also used pulse-1V technique to investigate the
fast charge-injection and relaxation of various SONS, SONoS, and SoNOS transistors. Since
these transistors suffer from serious read disturb duringxtfaction by DC-IV measurement,
our pulse-1V technique is needed to monitor the instant drain current after all kinds of
reliability tests without disturb. We demonstrated that under lower voltage operations (x6V
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1ps) the SONS can provide very high endurance characteristit’cyt@s) for

guasi-non-volatile memory applications. We also proved that the major retention mechanism
of these transistors comes from direct tunneling leakage but not from thermionic emission of
traps. Therefore, the nitride can provide very “deep” traps and promise for good non-volatile

memory.

9.2 Suggestions for Future Works

Although the trapped charge behaviors of SONOS-type devices have been investigated
exhaustively in this dissertation, there are still some topics which have not been clearly
understood nor verified with strong evidence support. In the following, the topics will be
pointed out, and they deserve t0 be further studied in the future.

1. In GSCS method, we compare two capacitors, one is channel-sensing capacitor which has a
lightly doped channel and a heavily doped gate, and the other is gate-sensing capacitor
which has a lightly doped gate and'a heavily doped channel. Although our method still
provides high accuracy*when“there is variation between these two capacitors, we need to
prepare “two” capacitors for comparison. ‘Therefore, the best way is to obtain two
independent equations (eAVggcs and AVeg 9 from “single” capacitor. However, it
needs to separate the signals of gate depletion and channel depletion from single CV curve.
Thus, other simulation methods should be included to accurately distinguish the signals, but
it may complicate the GSCS method.

2. The GS capacitor in GSCS method is operated by poly depletion, akViges is
extracted from the CV curves with parallel shifts. Compared with CS capacitor which has
excellent interface between oxide/Si substrate and good bulk Si quality, the GS capacitor
has poorer interface between T.O./poly gate and worse bulk poly quality. Therefore, the CV
curve of GS capacitor will distort at high temperature, ANGg s cannot be extracted
accurately at high temperature. Thus, the in-situ temperature related characteristics such as
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temperature dependence electron de-trapping behavior cannot be investigated by GSCS
method. Due to this reason, the poly gate process of GS capacitor should be further tuned to
obtain perfect interface and bulk poly.

. Using the GSCS method to investigate various SONOS-type capacitors, only the mean
vertical location x and the amount of total trapped charges Q can be obtained. Although this
method provides in-depth understanding of trapped charge behaviors, some other trapped
charge parameters are still unknown such as trap energy, the detailed trapped charge
distribution. Therefore, other methods should be developed to obtain the comprehensive
understanding of trapped charge behaviors in SONOS-type devices.

. GSCS method can be used to monitor the “real” time charge evolution and mean vertical
location evolution, however;:the detailed transport mechanisms during P/E and reliability
tests are still unclear. More transpart models should be included to further fit our extracted
x and Q.

. In this dissertation, we:only employed GSCS method to investigate the “intrinsic” (without
any parasitic effects) trapped charge behaviors of SONOS-type capacitors with large area
(500umx50Qum). After understanding-the ‘“intrinsic” trapped charge behaviors, people
would like to know the “real” (with parasitic effects) trapped charge behaviors of small
transistors. In order to obtain that information but keep large enough capacitance, we could
connect small transistors in series. However, the accuracy of GSCS method should be
estimated again (parasitic effects should be taken into account).

. In this dissertation, we only applied GSCS method to SONOS-type devices. In fact, this
method also can be used to investigate other charge trapping materials such lkas high-
materials as long as different doping types can be formed.

. Pulse-IV technique has been successfully demonstrated on the study of transient tunneling
currents of various SONOS-type capacitors. Although the transient charge trapping
behaviors of different structures could be well monitored, and the cause of transient
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behaviors were also introduced, only the transient tunneling currents of SONOS with high
capture rate nitride layer can be well modeled by theoretical model. For SONOS without
T.0. or B.O., we did not propose corresponding transport models to fit the experimental
data. Moreover, the charge relaxation time for both electron and hole should be extracted
from the experimental data through some methodologies.

8. We also used pulse-1V technique to investigate the instant drain current of small transistors
just after P/E and reliability tests. Pulse-IV technique could accurately monitor the drain
current without read disturb which may be induced by DC-IV measurement. However, in
this dissertation we only investigated the device characteristics uneleN -bperations.

The device characteristics under different operations, for example CHE program and

BBHH erase, should be explored in the future:
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Appendix

A. Detailed Derivation of Equations (3-3) and (3-4)

If the charge vertical distribution function is Q(x), then the flat-band voltage shifts can be

written as:
T, =X
X)| 2+ N_— Idx A-1
jQ( ){% vy j (A1)
X
Vescs IQ(X)(gi(_)x +££ jdx (A-2)

Define the mean vertical locatioR and total charge (.

Ty
Qua = | Q) (A-3)
0
1™
%= —— [ Q(x)xax (A-4)
total 0
-
Y el i EOT
=> AVFB,CS+AVFB,GS = J;Q(X)( . £, e £.8, j Qotalj (A-S)
i T Ty - T, - %
= AV — X Tox 4 _N Tox_ 4 (A-6)
rocs = [ QU+ j Qm(g e j
E T T X
=> AV s = [ Q(X)| =22+ dx = e (A-7)
s = [ QUO| 224 j tha.(g . oij

For an arbitrary charge distribution, we can obtain thg,@nd X from Egs. (A-6) and

(A-7), and the results are the same as Egs. (3-3) and (3-4).

B. Theoretical J vs. Egox Calculation Method Using the AV g gs of GS Capacitor

Case 1 (charges placed at the T.O./nitride interface):
dVeg cs Eo€ox

g, 4T, o
£

Box
N

J= (B-1)

210



- VG + AVFB,GS _ AVFB,GS
o EOT Eox

Box

+TN

N
Case 2 (charges placed at the B.O./nitride interface):

dVFB ,GS gogox

T,
- VG + AVFB,GS _ AVFB,GS
Box EOT T

Box

Case 3 (charges placed at the center of nitride):

J = dVFB,GS g()gox
dt T +T7N@

Box 2 gN

_ Vo +AVFB,GS _ AVFB,GS

Box
EOT 1 ,Tuéu

2 £,

Box

C. Theoretical AVgs-t for Different Charge Vertical L ocations

The tunneling current through the.B.O. follows the,;FN equation:

J'=aE? ex ~58
Box p( E J

Box

3

S . Y
8rthgg, m,,

%3/2
E. =4,/2m, 3

Appendix

(B-2)

(B-3)

(B-4)

(B-5)

(B-6)

(C-1)

(C-2)

(C-3)

g is the electron chargh,is the reduced Planck constagy,is the barrier height of oxide for

electron tunneling, mis the mass of a free electron, ang s the effective mass of an

electron in the oxide.
(1) CS capacitor:

The Box can be written as:

— VG - AVFB,cs
Box EOT

211

(C-4)



Appendix

which is independent of charge vertical location, x. Akeg cscan be derived by an iteration
method if the J and charge vertical location x have been known:

-1
gogox

3
T (T =X) =
ot () 2

AVFB,CS(i+l) = AVFB,CS(i) + 5t xJx

(C-5)

wheredt is the time interval used in the iteration.

The AVeg csfor the charges placed at the T.O./nitride interface:

-1
AVFB,CS(i+1) = AVFB,CS(i) ForxJx ( 7 j (C-6)

Tox

TheAVgg csfor the charges placed at the B.O./nitride interface:

£0£OX
&
+ TN _—0oxX
‘gN

AV 8" = AV, (O + Ot x I x (C-7)

T

Tox

TheAVeg csfor the charges placed at the center of nitride:

50—?* (C-8)
TT0>< +7N@
2 ¢,

AVFB,CS(i+l) = AVFB,CSU) + 5t XJX

(2) GS capacitor:
The Eo in all cases are the same as that mentioned in Appendix BAWhess for the

charges placed at the T.O./nitride interface:

-1

AVFB,GS(i+l) = AVFB,GSU) +otxJx “ofe c (C-9)
TBox +TN —
gN
TheAVeg gsfor the charges placed at the B.O./nitride interface:
-1
(i+) — (i) Eo€ox
AVFB,GS - AVFB,GS +OtxJ x| —= (C-lO)
Box

TheAVgg gsfor the charges placed at the center of nitride:

212



Appendix

gogox
TBox + T7N @
2 &,

AVig o™ = AV 6" + Ot x J (C-11)

Figure 3.7 is calculated by assuming#®.45ny and@s=3.1eV.

D. Theoretical AVgs-t Considering the Charge I njection Trajectory (x-Q plot)
The tunneling current through the B.O. follows the FN equation C-1. At time zero, we
assume th&Vgg and charge vertical location (x) are zero, and they will increase as the time

increases. During +FN programming, the Q and x always follow the relationship:

X1+ = Atanh@) (D-1)
where A and L are fitting parameters. Thiss relationship is obtained from fitting the
experimental x-Q plot, as showin Fig. D-1 (A=42and L = 2.94%%10
(1) CS capacitor:

The B.O. e-field is the same as EqQ. C-4. BNgg.cscan be derived by an iteration method:

-1

EO on

AVFB,CS(i+l) ¥ AVFB,CS(i) - 5t Pt ‘] K £ (D_Z)
TTox + (TN - X(i))A
N
The total injected charges:
QU= v (D-3)
T +(Ty = x) e
N
(2) GS capacitor:
The B.O. e-field is:
o = VG +AVFB,GS _ AVFB,G; (D'4)
EOT TBox + X
gN

The AV gscan be derived by an iteration method:
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i+ i &oé
AVFB,GS(I Y = AVFB,GS( ) + Jt X ‘] X oo (D_S)
Too t X" Fox
EN
The total injected charges:
i+ &, i+
QI =0 AV, (D-6)
Top + X
Box gN

Fig. 3.9 is calculated by assumingx0.485m and@s=3.1eV.

E. Detailed Derivation of Hole Charge Density and Mean Vertical L ocation
We assume the flat-band voltage shift during —FN erasing only comes from the hole
injection while the electrons arefixed. Therefore, we can define the hole flat-band voltage

shifts by:

AVegies (1) = Vg cs(t) = Ve es(@s~ programmed) (E-1)
AVigias(t) =Vigast) =Vig ¢ (as = programmed) (E-2)

Similar to Egs. (3-1) and (3-2), the hole flat-band veltage shifts are given by:

T, Ty =%,
AV - Tox 4 N (E_3)
FBh,CS Qh [ 50 EOX EO EN j
T, Xh
AV =Q (ﬂ + _J (E-4)
FBh,GS h 80 gox go £N

where the xis the hole mean vertical location. From Egs. (E-3) and (E-4), we can obtain the

Qn and x, as shown below:
AV,

FBh,CS

EOT

+ A\/FBh.GS (E-5)

Qh = 80 £0x

AV, T

— FBh,GS\ "Tox

X, = &N +TN£0><) _AVFBh,CST
Eox (AVFBh,CS + AVFBh ,GS)

Box

En

(E-6)

Equations (E-5) and (E-6) are also valid even for an arbitrary hole distribution, and the
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detailed derivation is similar to Appendix A.

F. Theoretical MFN Hole Tunneling Equation
Holes tunnel through the oxide potential barrier and part of the nitride potential barrier,

and the MFN equation can be written as:

J=aE exp(—%) (F-1)

OoX

Eox is the tunnel oxide electric field, and

m q°

=— F-2
i m, 1670 (@'* - ¢'* + yJm, I m, (- @)"?)° (F2)
= N @, - )" (F-3)

¢ 3nq

¢= % _qEOXTBOX (F-4)

m is the mass of a free holes i® the effective'mass of a.hole in the oxidg,imthe effective

mass of a hole in the nitride, q'is-the.electron.chdrge;the reduced Planck constagi,is

the barrier height of oxide for hole tunneling, is.the energy difference between the oxide
conduction band edge and the nitride conduction band edge and is referred to as the nitride
barrier heighty is ratio of the oxide and nitride dielectric constantsen/eox, and Tox is the
thickness of the B.O.

The fitting parameters of the samples with hole tunneling erase are shown in Table F-1.
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X-Q

—@— SONOS (54/70/90A), +20V
-=== Hyperbolic tangent fitting

X (Angstrom)
N w iy a1 (o)) ~
o o o o o o

10

4x1012 6x1012 8x10'2 10x1012
Q (e-cm™)

Fig. D.1Curve fitting of the experimental x-Q plot (Fig. 3.5). Hyperbolic function is used to
fit the experimental data. This fitting x-Q curve is used to theoretically calculate
Ves-t for both CS and GS capacitors.
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eter g
M @ (V)| @2(eV) [ (Mo) [ My (M)

SONOS

(20/70/90) 488 | 21 0.48 0.025
SONoS

sasois) | 433 | L7 | 048 | 0025

BE-SONOS | 498 | 17 | 058 | 005
Top BE-SONOS| /oo | 195 | 05 0.08

(54/70/25/20/15)
Top BE-SONOS
(54/70/20/20/15) 4.8 1.7 0.48 0.15
SONOS
(26/70/90) 488 | 21 | 048 | 0.025

Table F1MFN fitting parameters of SONOS, SONoS, BE-SONOS, top BE-SONOS, and
SONOS.
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