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Student: Yen-Ting Liu Advisor: Dr. Huang-Chung Cheng

Department of Electronics Engineering & Institute of Electronics

National Chiao Tung University

ABSTRACT

In recent years, many researchers have drawn attention to improve the
program/erase efficiency of charge trapping memory devices owing to the
program/erase efficiency of conventiona charge trapping memory devices is lower
than that of floating gate memory devices. However, most methods of improving the
program/erase efficiency resulted in poor reliability issues. In this thesis, our
investigation has been classified into two topics.

At first, for Poly-Si TFT SONOS memory devices, we have proposed a FinFET
structure, an omega gate structure, and a GAA structure to investigate the corner
effect. Since the sharp corner geometric will increase electric field in the tunneling
layer and decrease electric field in the blocking layer, the program speed can be

enhanced greatly. Consequently, the SONOS memory device with a GAA structure



exhibits the highest program efficiency and it proves that SONOS memory devices
with more corners will enhance program efficiency.

On the other hand, we have proposed novel high speed Poly-Si TFT TANVAS
and THNVAS memory devices with high-k blocking layer and vacuum tunneling
layer. Utilizing high-k materials, such as Al,Os; and HfO,, as blocking layer or using
low-k materials, like vacuum, as tunneling layer can increase electric field in the
tunneling layer and decrease electric field in the blocking layer. Based on this field
enhanced scheme, the proposed memory devices reveal excellent memory
performance. It is shown obviously that the TANVAS and THNVAS memory devices
have higher program/erase efficiency than the TANOS and THNOS memory devices.
Furthermore, the conventional SIO, tunneling layer is aways suffered from damage
after program/erase cycles. Using vacuum tunneling layer can overcome this obstacle
so that the TANVAS memory. device exhibits better endurance characteristics. Due to
the traps in oxide tunneling layer and lower conduction.band offset in HfO, blocking
layer will provide leakage paths for charges, the TANOS and THNVAS memory
devices are not able to preserve stored charges for along time. The TANVAS memory
device can avoid these problems and presents great retention characteristics.

Through investigating and analyzing the electrical characteristics, we obtain
some satisfying results. The program/erase efficiency of proposed memory device is
enhanced remarkably, and exhibits great endurance and retention characteristics. They

are very promising for future applications in high density circuits and SOP.
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Chapter 1
| ntroduction

1-1. Overview of the Low Temperature

Poly-crystalline Silicon Thin-Film Transistors

Many researchers have made much focus on low temperature poly-crystalline
silicon thin film transistors (LTPS TFTs) in recent. years due to the applications of
LTPS TFTs in active matrix liquid crystal displays (AMLCDs) [1] and active matrix
organic light emitting displays (AMOLCDS) [2]. The advantages of LTPS TFTs, such
as higher field-effect mobility and better compatibility-with different substrates, are
the reasons why LTPS TFTs have beenincreasingly used in active matrix displays.

Hydrogenated amorphous silicon thin film transistors (aSi:H TFTs) were
introduced at the beginning of the AMLCD industry. Amorphous silicon TFTs exhibit
low leakage current owing to the high off-state resistivity. Furthermore, they are
compatible with large-area glass substrate for low processing temperature.
Nevertheless, the low field-effect mobility (typically less than 1 cm?/V-s) of a-Si:H
TFTsis not adequate to drive peripheral circuits.

Thanks to the field-effect mobility of LTPS TFTs is normally higher than that of
aSi:H TFTs by two orders of magnitude, the peripheral circuits can be driven with
sufficiently high currents in LTPS TFTs [3]. Therefore, the pixel arrays and the

periphera circuits can be integrated on the same substrate [4]-[6], even on a single

1



panel, which is an advanced technology called system on panel (SOP) [7]. Meanwhile,
LTPS TFTs have potential to be applied in three-dimension integrated circuits (3-D

ICs) [8].

1-2. Introduction of the SONOS Nonvolatile

Memory Devices

1-2-1. Floating Gate and SONOS Non-volatile Memory Devices

Non-volatile memory devices are widely used for data storage in modern
electronic systems. Recently, non-volatile flash memory devices have become the
mainstream in the semiconductor memory industry due to the mass data storage
reguirements in electronic products. There are two different types of non-volatile flash
memory devices which are famous in the world, that is, floating gate (FG) and charge
trapping non-volatile flash memory devices.

The major difference between floating gate and charge trapping non-volatile
flash memory devices is the material of the charge storage layer. The floating gate
devices (shown in Fig. 1-1) utilize poly-Si film as charge storage layer and charge
trapping devices take nitride film as it. One of the typical charge trapping devicesis
known as silicon-oxide-nitride-oxide-silicon (SONOS) memory device (shown in Fig.
1-2).

Since the floating gate is made of conducting material, the stored charges are

capable of flowing freely inside the floating gate without any restriction. It means,
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even if electrons only can jump to charge storage layer by flowing through a specific
position of tunneling layer, electrons can keep flowing and flowing from channel into
charge storage layer until the charge storage layer is full of electrons and has no more
position to save any charge. As a result, floating gate memory devices have great
program/erase speed.

However, there are some concerns regarding the capability to scale down the
tunneling dielectric thickness [9]. If the tunneling oxide is not thick enough, the stored
charges in the floating gate might leak out and lose easily through the defects which
are inside the tunneling oxide. After many program/erase cycles, there will be more
and more defects inside the tunneling oxide [10]. These kinds of stress induce leakage
current (SILC) phenomena lead to poor reliability characteristics.

On the contrary, the charge storage layer of SONOS memory devices, the nitride
film, stores charges into the discrete deep-level traps. The stored charges in the nitride
film will not leak out so easily jsut like those in the floating gate [11]. The SONOS
memory devices improve the phenomenon of SILC-and show the better reliability
characteristics.

In addition, the floating gate memory devices have the issue of gate coupling
between adjacent cells. The interference between adjacent cells will change the
electrical characteristics of floating gate memory devices, and cause memory devices
lack stability and uniformity. Moreover, it will raise the difficulty to scale down the
whole devices. In contrast, the SONOS memory devices avoid the issue of gate
coupling. As a consequence, they have great ability to scale down and enhance the

electrical characteristics vitally.



1-2-2. Program/Erase M echanisms of SONOS Non-volatile
Memory Devices

Program and erase speed are the crucial factors to estimate performance of
SONOS Non-volatile memory devices. Nowadays, there are three main program/erase
mechanisms. The three program/erase mechanisms are channel hot electron injection
(CHEI), Fowler-Nordheim tunneling (FN tunneling) and band to band tunneling

(BTBT).

Channel Hot Electron I njection

When drain voltage (Vgs). is larger than -saturation drain voltage (Vassa), @
pinch-off region will occur near the drain sideinthe channel and there will be a high
lateral electric field inside the pinch-off region. When electrons flows from source to
drain, they will be accelerated and gain much energy in the pinch-off region. Some
electrons have high enough energy are called “hot electrons’” (shown in Fig. 1-3). At
the same time, gate bias provides vertical electric field to help those hot carriers inject
into charge trapping region. Then, some hot electrons will overcome the barrier of
conduction band, inject into charge trapping region, and store in there. It is known as
“lucky-electron model” [12].

Due to the effective mass of holes is heavier than that of electrons, and the
barrier height of the valence band is higher than that of the conduction band, it is

really hard for holes to overcome the barrier and inject into the charge trapping region.
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It follows that hot-hole injection is rarely employed in non-volatile memory operation.

Fowler-Nordheim Tunneling

According to the strength of electric field across the tunneling oxide and the
thickness of tunneling oxide, the tunneling mechanism can be classified into two
different types, direct tunneling and Fowler-Nordheim (FN) tunneling (shown in Fig.

1-4).

(2) Direct tunneling:
If the electric field strength across the tunneling. oxide (Eox) is smaller than

Abox

ox

, Where ¢,, is the barrier-height of conduction band between tunneling oxide

and silicon channel, the carriers will tunnel into charge trapping layer by direct
tunneling.

The formula of direct tunneling is expressed as:

2./2gm
where @ = QT%

(2) Fowler-Nordheim tunneling:

If the electric field strength across the tunneling oxide (Eox) is larger than _q;box’

ox

the carriers will tunnel into charge trapping layer by Fowler-Nordheim tunneling [13]

5



[14)].

The formula of Fowler-Nordheim tunneling is expressed as:

B
] = AonZe_E_Ox

3

2 4+/2 2

where 4 = Z— and B = m(q¢ox)
162 oy 3hq

Band to Band Tunneling

If a negative gate voltage and a positive drain voltage are provided for a N-type
SONOS memory device, and-the strength of -electric field across the junction is high
enough to form a deep-depl etion region, then band to band tunneling will occur in the
overlap region of gate and drain, and electron hole pairs will be generated by band to
band tunneling (shown in Fig. 1-5).

In the mean time, electrons will tunnel across the energy band gap from valence
band to conduction band at the drain region. Holes will be generated in the
deep-depletion region and then will be attracted by the negative gate bias to tunnel
into the charge trapping layer. By the phenomenon of tunneling of holes into the
charge trapping layer, band to band tunneling is a new method which is used for

erasing in some SONOS memory devices[15].



1-2-3. Reliability of SONOS Non-volatile M emory Devices

Retention

Ideally, the amount of storage charges in the charge storage layer would remain
in afixed vaue after the procedure of program or ease, but it isimpossible in the real
life. In fact, the stored charges would keep losing and losing until the electrica
characteristics of the whole SONOS memory device achieve a steady balance [16]
[17]. Therefore, retention is a critical measurement to realize the relationship between
charge loss and time, and to estimate whether a SONOS non-volatile memory device
could retain sufficient chargesin the charge trapping layer.

There are three major mechanisms of charge |oss which is pertinent to time, one
is thermal excitation (TE), another'is Frenkel-Poole emission (FP), and the other one
is tunneling through tunneling oxide (shown'in Fig. 1-6). The stored electrons in
charge trapping layer would tunnel back to the conduction band of the silicon
substrate by trap-to-band tunneling (T-B), or to the interface traps between tunneling
oxide and silicon channel by trap-to-trap tunneling (T-T). Furthermore, holes from the
valence band of the silicon substrate would tunnel into the traps in the charge trapping

layer by band-to-trap tunneling (B-T).

Endurance



After numerous cycles of programming and erasing, some charges will be
trapped in the tunneling oxide by external stress and high electric field, and the
defects will result in the raise of leakage current and degrade the quality of tunneling
oxide [18]. If there are more and more trapped charges and defects in the tunneling
oxide, the SONOS memory devices will break down and malfunction very easily. As
a result, endurance is an essential measurement to assist us to evaluate if SONOS
memory devices are capable of tolerating the damage of external stress, working
normally and maintaining great electrical characteristics after many cycles of

programming and erasing [19].

1-3. Motivation

Poly-crystalline silicon thin film transistors (Poly-Si TFTs) have attracted much
attention because of their prosperous applications in active matrix displays [20]-[23],
and potential for development in system on panel (SOP) and three-dimension
integrated circuits (3-D ICs). Recently, Poly-Si TFTs are prevalent to be employed for
data storage, especialy for non-volatile flash memory devices [24]. In addition,
Poly-Si TFT SONOS memory devices become more promising than Poly-Si TFT
floating-gate memory devices since the Poly-Si TFT SONOS memory devices have
better capability to scale down and better compatibility with CMOS process.

In order to improve and upgrade the electrical characteristics of Poly-Si TFT
SONOS memory devices, we propose some novel SONOS memory devices and
discuss some effects and phenomena in the thesis. It will be classified into two

distinct topics. It is well-known that multiple-gate structures exhibit superior
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gate-control ability and enhance the performance of SONOS memory devices
[29]-[32]. However, afew of researches are studied for finding out the crucial factors
in improving the performance of SONOS memory devices. The first topic is to
discuss the corner effect of SONOS memory devices, and we tried to fabricate three
kinds of Poly-Si TFT SONOS memory devices with a FinFET structure, an omega
gate structure, and a GAA structure to make sure the relationship between the corner
and the performance of SONOS memory devices.

Using High-k material as blocking layer is a very popular method of improving
program/erase speed nowadays [37]-[39]. In the second topic, we present two novel
high speed charge trapping memory devices, TiN-Al,Os-Nitride-Vacuum-Silicon
(TANVAS) and TiN-HfO.-Nitride-Vacuum-Silicon (THNVAS), which combine
high-k blocking layer (Al,O3; and HfO,) with low-k tunneling layer (vacuum). From
an electrostatics consideration, the use of vacuum tunneling layer will cause a larger
voltage drop across the tunneling layer and smaller. voltage drop across high-k
blocking layer. As compared to the TiN-Al,Os-Nitride-Oxide-Silicon (TANOS) and
TiN-HfO,-Nitride-Oxide-Silicon (THNOS) memory devices, the proposed structures
have the advantage of high program/erase speed as well as the good charge-retention
time. Therefore, such TANVAS and THNVAS memories are very promising for the

future applicationsin high density circuits and SOP.

1-4. Thesis Organization

In chapter 1, there are concise introductions of low temperature poly-crystalline

silicon thin film transistors (LTPS TFTs) and SONOS non-volatile flash memory
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devices. Subsequently, the motivations of the thesis are explored to introduce the
thesis.

In chapter 2, the fabrication processes of SONOS memory devices with various
corners are described. The most important components of device structures are
analyzed by transmission electron microscope (TEM). Moreover, the electrica
characteristics are investigated and reviewed.

In chapter 3, the fabrication processes of TANVAS memory devices with high-k
blocking layer, metal gate, and vacuum tunneling layer are described. The most
important components of device structures are analyzed by scanning electron
microscope (SEM) and transmission electron microscope (TEM). Furthermore, the
electrical characteristics of TANVAS memory devices are discussed in detail.

Finally, the conclusions are summarized in chapter 4.
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Chapter 2
Corner Effect of Poly-S TFT SONOS
Memory Deviceswith FINFET, Omega
Gate, and Gate-All-Around structures

2-1. Introduction

In recent years, a MOSFET with a multiple gates structure is a very popular
research subject. Many different kinds of multiple gates structures have been
proposed in present semiconductor industry, such as double gates [25], triple gates
[26], FINFET [27] and gate-all-around (GAA) [28]. Multiple gates structures exhibit
superior gate control ability and high electrical performance [29]-[32]. Meanwhile,
the short channel effects can be suppressed efficiently as well. Multiple gates
structures are also applied to non-volatile flash memory devices nowadays. They are
employed to enhance programming/erasing efficiency and to scale down the memory
devices[33]-[36].

For multiple gates structures, the electrical characteristics are varied in different
positions of channel. For example, the electrical characteristics in corner and in planar
parts are totally dissimilar. We fabricated three distinct SONOS memory devices with
three types of multiple gates structures, those are, a FinFET structure with one corner,
an omega gate structure with two corners, and a GAA structure with three corners. In

this chapter, we will investigate corner effect of those memory devices and find out
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the relationship between corners and device performance characteristics.

2-2. Device Fabrication of Poly-Si TFT SONOS with
FINFET, Omega Gate, and Gate-All-Around

structures

We fabricated three kinds of poly-crystalline silicon thin film transistor
Silicon-Oxide-Nitride-Oxide-Silicon (Poly-Si TFT SONOS) memory devices with a
FinFET structure, an omega gate structure, and'a GAA structure, respectively. The

fabrication processes are listed bel ow.

Poly-Si TFT SONOSwith aFinFET structure

At first, a 1000-nm-thick wet-oxide was thermally grown on 6-inch silicon
wafers. Then, a 50-nm-thick SizN4 film was deposited on wet-oxide by low pressure
chemical vapor deposition (LPCVD) system at 780 °C as an etch-stop layer and a
100-nm-thick tetra-ethyl-ortho-silicate (TEOS) SIO, film was deposited on etch-stop
nitride by LPCVD system at 700 °C to be a sacrificial layer. It was patterned with a
lithography step and the TEOS SiO, film was etched by reactive ion etch (RIE) to
form severa strips with step height of 100-nm (shown in Fig. 2-1). Subsequently, a

100-nm-thick amorphous silicon film was deposited by LPCVD system at 560 °C.
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After that, it was patterned with a source/drain-pad mask, the amorphous silicon film
was etched by RIE to form amorphous silicon spacers, and the amorphous silicon
spacers were connected to the source/drain pads which were formed to be the device
active region (shown in Fig. 2-2). Next, a solid phase crystallization (SPC) at 600 °C
in N2 ambient for 24 hours was performed to transform amorphous silicon into
poly-crystalline silicon.

FINnFET structure was formed after etching the 100-nm-thick TEOS SiO; strips
with 3:50 diluted HF (shown in Fig. 2-3), and the etch-stop layer would stop the 3:50
diluted HF etching the buried oxide. Then, a 6.5-nm-thick TEOS SO, film, a
10-nm-thick SisN4 film, a 12.5-nm-thick TEOS SO, film, and a 200-nm-thick
phosphorous in-situ doped poly-Si film were deposited sequentially by LPCVD to be
the tunneling layer, the charge trapping layer, the blocking layer and the gate,
accordingly (shownin Fig. 2-4).

Following the gate patterning, the poly gate, SiO,blocking layer, SisN4 trapping
layer and SIO; tunneling layer were etched by ‘RIE. Then, a phosphorous ion
implantation was performed with the dosage of 5x10™ cm™ and the energy of 30 keV.
Next, a 350-nm-thick passivation oxide was deposited by LPCVD system and then
the source/drain activation at 950 °C in N, ambient for 30 seconds was performed.
Afterward, contact holes were patterned and the passivation oxide was etched by 1:15
diluted BOE. A 500-nm-thick Al film was deposited by FSE - cluster - PVD
subsequently. Finally, metal electrodes were patterned and then the Al metal film was

etched to complete the fabrication.

Poly-Si TFT SONOSwith an omega gate structure
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For the Poly-Si TFT SONOS memory devices with an omega gate structure
(shown in Fig. 2-8) and a GAA structure (shown in Fig. 2-10) formation, we will only
list different fabrication processes bel ow.

A 300-nm-thick tetra-ethyl-ortho-silicate (TEOS) SiO, film was deposited on
etch-stop nitride by LPCVD system at 700 °C to be a sacrificial layer. It was
patterned with a lithography step and the TEOS SiO, film was etched by reactive ion
etch (RIE) to form several strips with step height of 100-nm (shown in Fig. 2-5).
Subsequently, a 100-nm-thick amorphous silicon film was deposited by LPCVD
system at 560 °C. After that, it was patterned with a source/drain-pad mask, and the
amorphous silicon film was etched by RIE to form amorphous silicon spacers. The
amorphous silicon spacers were connected to the source/drain pads which were
formed to be the device active region (shown in Fig. 2-6). Next, the solid phase
crystallization (SPC) at 600 °C in N, ambient for 24 hours was performed to
transform amorphous silicon into poly-crystalline silicon. An omega gate structure
was formed after etching the TEOS SiO, film with 3:50 diluted HF in a specific time

(showninFig. 2-7).

Poly-Si TFT SONOSwith a GAA structure

A 300-nm-thick tetra-ethyl-ortho-silicate (TEOS) SO, film was deposited on
etch-stop nitride by LPCVD system at 700 °C to be a sacrificial layer. It was

patterned with a lithography step and the TEOS SiO, film was etched by reactive ion
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etch (RIE) to form several strips with step height of 100-nm. Subsequently, a
100-nm-thick amorphous silicon film was deposited by LPCVD system at 560 °C.
After that, it was patterned with a source/drain-pad mask, the amorphous silicon film
was etched by RIE to form amorphous silicon spacers, and the amorphous silicon
spacers were connected to the source/drain pads which were formed to be the device
active region. Next, the solid phase crystalization (SPC) at 600 °C in N, ambient for
24 hours was performed to transform amorphous silicon into poly-crystalline silicon.
A GAA structure was formed after etching the 300-nm-thick TEOS SiO; film with
3:50 diluted HF, and the etch-stop layer would stop the 3:50 diluted HF etching the

buried oxide (shown in Fig. 2-9).

2-3. Materials Analysis

After fabricating SONOS memory: devices, materials anaysis is essential to
check if the finished products accord with the origina designs. In this section,
transmission electron microscope (TEM) is used to analyze the key fabrication
processes and structures of the SONOS memory devices.

Figure 2-11 and figure 2-12 show the cross-section TEM images of the omega
gate structure. It is obvious that the omega gate structure is in accordance with the
origina design by controlling precisely the wet-etching time. In addition, from the
TEM images, we can make sure the thicknesses of the oxide tunneling layer, the
nitride trapping layer, and the oxide blocking layer are 6.5 nm, 10 nm, and 12.5 nm,

respectively.
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2-4. Results and Discussion

We fabricated three kinds of poly-crystalline silicon thin film transistor
Silicon-Oxide-Nitride-Oxide-Silicon (Poly-Si TFT SONOS) memory devices with a
FINnFET structure, an omega gate structure, and a GAA structure, respectively. The
corner effect of those three structures is discussed from the device simulation,

program efficiency, and the subthreshold swing shift.

2-4-1. Simulation Result

In order to demonstrate the electric field distribution of the omega gate structure
and the GAA structure, a numerical simulation'was carried using |SE-TCAD. Figure
2-13 and figure 2-14 show the electric field distribution of those two structures at a
gate bias of 18 V. It is observed that electric field of tunneling layer in the corner is
higher than that in the planar part, and electric field of blocking layer in the corner is
lower than that in the planar part. Due to fabrication always has some discrepancy, the
shape of the structures are not standard quarter circles. Therefore, the radius of
curvature for each corner is not the same. Figure 2-15 and figure 2-16 show the
distribution of electric field across the ONO stack for the two corners in the GAA
structure. Since the first corner is sharper than second corner, the first corner exhibits
higher electric field in the tunneling layer and lower electric field in the blocking layer.

It proves that sharp geometric structures make electric field concentrate on tunneling

layer.
16



2-4-2. Program efficiencies of the three structures

The Fowler-Nordheim (FN) tunneling mechanism is employed in this thesis for
the FINFET structure, the omega gate structure, and the GAA structure. Figure 2-17,
figure 2-18, and figure 2-19 show the transfer characteristics of the FInFET structure,
the omega gate structure, and the GAA structure memory devices with various
programming times at Vgs= 18 V, respectively. Figure 2-20 shows the comparison of
threshold voltage shifts between those memory devices after programming operation.
The FinFET structure SONOS memory device exhibits a Vi, shift of 1.57 V in 10 ms,
the omega gate structure exhibits a Vi, shift of 2:98 V and the GAA structure exhibits
a Vi, shift of 3.52 V. It is obvious that the GAA structure device has highest program
efficiency, the omega gate structure device comes second, and the FinFET structure
deviceisthe third.

According to the simulation results, it is quite Clear that the electric field across
the tunneling layer can be enhanced owing to the sharp corner geometry. Higher
electric field in the tunneling layer increases the probability of carriers injecting into
the charge trapping layer, and lower electric field in the blocking layer suppresses the
back tunneling effect. Therefore, the program efficiency would be enhanced greatly.
A GAA structure has most corners and that is the reason why the SONOS memory

device with a GAA structure exhibits highest program efficiency.
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2-4-3. Subthreshold swing shifts of the three structures

In our experiments, subthreshold swing would alter owing to two possible
reasons, local charge effect and interface states.

At first, since the program speed in the corner region is faster than that in the
planar part, the amount of nitride trapped charges in the corner are more than that in
the planar part in a specific programming time. The electrical characteristics in the
corner and in the planar part will be different, and that is called local charge effect.
More nitride trapped charges in the corner would raise the subthreshold swing shift.
Therefore, we can realize program efficiency by observing subthreshold swing shift.
Figure 2-21 shows the comparison of subthreshold swing shifts between the SONOS
memory devices with a FinFET structure, an omega.gate structure, and a GAA
structure. The subthreshold swing shift of the SONOS.memory device with a GAA
structure is the largest, the shift of.the SONOS memory device with an omega gate
structure comes second, and the shift of the SONOS memory device with a FinFET
structure is the least. The largest subthreshold swing shift means most charges inject
into nitride trapping layer in the corners. Therefore, the SONOS memory device with
a GAA structure has the most charges injection in the nitride trapping layer, and it
exhibits the highest program efficiency at the same programming time.

On the other hand, we have aready known that e ectric field of tunneling layer in
the corner is higher than that in the planar part. Higher electric field in the tunneling
layer increases the probability of carriers injecting into the charge trapping layer, but
also increases the probability of damaging the channel/dielectric interface at the same
time. More dangling bonds and interface traps will raise the subthreshold swing shift.

Therefore, the SONOS memory device with a GAA structure seems to have the most
18



dangling bonds and interface traps, and exhibits the largest subthreshold swing shift.

2-5. Summary

We have demonstrated three kinds of poly-crystalline silicon thin film transistor
Silicon-Oxide-Nitride-Oxide-Silicon (Poly-Si TFT SONOS) memory devices with a
FinFET structure, an omega gate structure, and a GAA structure, respectively. From
simulation results, the sharp geometry of corner enhances the electric field at the
Si/tunneling oxide interface and depresses the electric field in the blocking oxide.
Higher electric field in the tunneling layer and lower electric field in the blocking
layer enhance the program ‘speed greatly. Moreover,"a GAA structure has most
corners. Consequently, the SONOS memory device with a GAA structure exhibits

highest program efficiency.
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Chapter 3
Poly-Si TFT TANVASand THNVAS
Memory Deviceswith a FINFET
Structure

3-1. Introduction

Oxide is the most typical. materia which is applied to tunneling layer and
blocking layer of the conventional SONOS  memory devices. However, the
performance of the conventional SONOS memory devices is considered to be not
good enough. In recent years, many researchers put. much effort in studying some
prominent methods to enhance the performance of SONOS memory devices. One of
the prominent methods is to exploit high-k material to replace oxide as blocking layer
[37]-[39].

If high-k material is used as blocking layer, voltage drop in the blocking layer
would become lower and that in the tunneling layer would become higher. Likewise,
electric field would concentrate on tunneling region [40]. The higher electric field
would increase the speed of programming and erasing at the same time. In addition,
lower electric field in the blocking layer would hinder the flow of carriers either from
gate to nitride or from nitride to gate. Back tunneling effect would be reduced
[41][42], then SONOS memory devices would exhibit better performance and larger

window.
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Higher electric field improves the speed of programming and erasing, but it will
result in some charges trapped easily in the tunneling oxide and degrade the quality of
tunneling oxide [43]-[44]. Then, the phenomenon of stress induces leakage current
(SILC) will become more obvious. In terms of retention, more defects in tunneling
oxide make more leakage paths exist, and the stored charges will flow across the
tunneling layer very easily even no external force is exerted on the memory device. It
will present a bad consequence in retention. For endurance, trapped charges will be
accumulated in the tunneling oxide after program/erase cycles, and it will lead to the
threshold voltages of programmed and erased states move upward more rapidly. If the
threshold voltage shift is too large, the memory devices will break down in a short
period. Therefore, higher electric field has the chance to diminish the life time of
memory devices, and reveal unfavorable effects in endurance.

In order to ameliorate the reliability characteristics, we propose a novel
poly-crystalline silicon thin  film transistor = TiN-Al,Os-Nitride-Vacuum-Silicon
(Poly-Si TFT TANVAS) memory-. device structure-which the tunneling oxide is
replaced with vacuum. It is difficult for charges to be trapped in the vacuum tunneling
layer, so the leakage current and the defects will be suppressed at the same time. It
follows that the TANVAS memory device will exhibit better reliability characteristics
of retention and endurance. Furthermore, vacuum is a low-k material, and utilizing
low-k material as tunneling layer also has the effect of increasing the voltage drop and
electric field in the tunneling layer. 1t means that vacuum tunneling layer is capable of

enhancing the efficiency of programming and erasing.

21



3-2. Device Fabrication of Poly-Si TFT TANVAS and
THNVASwith a FInFET structure

We fabricated novel poly-crystalline silicon thin  film  transistor
TiN-Al,Os-Nitride-Vacuum-Silicon (Poly-Si TFT TANVAYS) and
TiN-HfO,-Nitride-Vacuum-Silicon (Poly-Si TFT THNVAS) memory devices with a
FinFET structure and the fabrication processes will be listed bel ow.

At first, a 1000-nm-thick wet-oxide was thermally grown on 6-inch silicon
wafers. Then, a 50-nm-thick SizN4 film was deposited on wet-oxide by low pressure
chemical vapor deposition (LPCVD) ‘system at- 780 °C as an etch-stop layer and a
100-nm-thick tetra-ethyl-ortho-silicate (TEQS) SiO- film was deposited on etch-stop
nitride by LPCVD system at 700 °C to be a sacrificial layer. It was patterned with a
lithography step and the TEOS SiO, film was etched by reactive ion etch (RIE) to
form several strips with step-height of 100-nm. Subsequently, a 100-nm-thick
amorphous silicon film was deposited by LPCVD system at 560 °C. After that, it was
patterned with a source/drain-pad mask, the amorphous silicon film was etched by
RIE to form amorphous silicon spacers, and the amorphous silicon spacers were
connected to the source/drain pads which were formed to be the device active region.
Next, a solid phase crystallization (SPC) at 600 °C in N, ambient for 24 hours was
performed to transform amorphous silicon into poly-crystalline silicon.

FinFET structure was formed after etching the 100-nm-thick TEOS SiO; strips
with 3:50 diluted HF, and the etch-stop layer would stop the 3:50 diluted HF etching
the buried oxide. Then, a 4-nm-thick TEOS SIO; film and a 10-nm-thick SisN4 film
were deposited sequentially by LPCVD to be the tunneling layer and the charge

trapping layer, respectively. Afterward, a 10-nm-thick Al,O3 film (or HfO, film) was
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deposited by metal organic chemical vapor deposition (MOCVD) system at 550 °C to
be the blocking layer. Behind the deposition of the ANO stack, a 300-nm-thick TiN
film was deposited by FSE - cluster - physical vapor deposition (PVD) to be the metal
gate (shownin Fig. 3-1).

Following the gate patterning, the TiN gate, Al,Oz blocking layer and SisNg4
trapping layer were etched by RIE, but the 4-nm-thick TEOS SiO; film was still
remained on the wafer. Then, a phosphorous ion implantation was performed with a
dosage of 5x10" cm™ and an energy of 40 keV. Afterwards, a 300-nm-thick SisN,
was deposited and it was etched back by RIE to form SisN4 spacers. Because the
SisNg spacers wrapped around the Al,Os blocking layer, they were capable of
preventing Al,Ozblocking layer from being etched by the following wet-etching. The
tunneling oxide was side-etched for. 500-nm with 1:10 diluted BOE to form a vacuum
tunneling layer (shown in Fig. 3-2 ~ Fig. 3-6).

Next, a 400-nm-thick passivation oxide was deposited by SiH4-based PECVD
system and then the source/drain activation at 950 °C in N, ambient for 30 seconds
was performed. Afterward, contact holes'were patterned and the passivation oxide
was etched by 1:10 diluted BOE. A 500-nm-thick Al film was deposited by FSE -
cluster - PVD subsequently. Finally, metal electrodes were patterned and then the Al

metal film was etched to complete the fabrication.

3-3. MaterialsAnalysis

After fabricating TANVAS memory devices, materials analysis is essential to

check if the finished products accord with the origina designs. In this section,
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scanning electron microscope (SEM) is used to analyze the key fabrication processes
and structures of the TANVAS memory devices.

Figure 3-7 and figure 3-8 show the tiled-view SEM images of the TANVAS
memory device. Gate, source, drain, and multiple nanowire channels are shown
clearly in the SEM images. Figure 3-9 shows the top-view SEM image and figure
3-10 shows the designed mask patterns of the TANVAS memory device. In order to
etch all the deposited oxide in the tunneling layer to form a vacuum tunneling layer
and ensure the entire device would not collapse after etching, we designed a jagged
gate pattern. From the top-view SEM image and the image of designed mask patterns,
we can see the jagged gate is completely the same as our design. Figure 3-11 shows
the magnifying tiled-view SEM images of the TANVAS memory device. The vacuum
tunneling layer on the nanowire channel is shown distinctly in the magnifying SEM

image.

3-4. Resultsand Discussion

In this section, the memory performances of two novel poly-crystalline silicon
thin film transistor, TiN-Al,Os-Nitride-Vacuum-Silicon (Poly-Si TFT TANVAS) and
TiN-HfO,-Nitride-Vacuum-Silicon (Poly-Si TFT THNVAYS), with a FinFET structure
are discussed. The crucia part of the research subject is to combine a high-k blocking
layer with a vacuum tunneling layer for a new charge trapping memory device

structure.
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3-4-1. Read Disturbance

In order to measure the correct threshold shift of programming and erasing, it is
necessary to make sure the measurement will not be interfered by other external
elements. One of the typical interference is that the gate bias is too large during the
Ib-Ve measurement, which will cause additional charges injection across the
tunneling oxide. Therefore, we need to find out the suitable bias condition of read
measurement. Figure 3-12 shows the transfer characteristics of TANVAS memory
device when the program bias is set at Vgs= 6 V. The transfer characteristics are
almost equal within 10 second. It proves that:read disturbance could be neglected

while the gate bias of |p-V s measurement is smallerthan 6 V.

3-4-2. Program/Er ase Efficiencies of FiInFET TANOS and CP
TANOS

For all the memory operations in this chapter, no matter TANOS, TANVAS or
THNVAS, they are programmed and erased by Fowler-Nordheim (FN) tunneling
mechanism.

Continuing the discussion from chapter 2, the corner effect of
TiN-Al,Os-Nitride-Oxide-Silicon (TANOS) memory devices are discussed first. We
fabricated the FINFET TANOS device with one corner and the conventional planar
(CP) TANOS device with no corner. Figure 3-13 and figure 3-14 show the transfer

characteristics of the FInFET TANOS device with various programming/erasing times
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at Ves= 12 V and Vgs= -12 V, respectively. Figure 3-15 and figure 3-16 show the
transfer characteristics of the CP TANOS device with various programming/erasing
times a Vgs= 12 V and Ves= -12 V, accordingly. It is obvious that both the
programming and erasing efficiency of the FINFET TANOS device are much better
than the CP TANOS device. Figure 3-17 and figure 3-18 display the comparisons of
threshold voltage shifts between the FinNFET TANOS device and the CP TANOS
device after programming and erasing operation correspondingly. In the programming
characteristics, the FinFET TANOS device exhibits a large V, shift of 2.18 V in 10
ms at a gate pulse of 12 V, while the V, shift of CP TANOS deviceisonly 1.27 V. In
the erasing characteristics, the FiInNFET TANOS device exhibits a Vy, shift of 3.06 V in
10 ms at a gate pulse of -12 V, and-the V shift of CP TANOS device is 2.82 V It
certifies that TANOS memory devices with. more corners will enhance the
progranming and erasing efficiency, and the corner. effects in charge trapping
memory devices will enlarge the memory window no matter the usage of blocking

layer material.

3-4-3. Program/Erase Efficiencies of FiInFET TANVAS and
FINFET TANOS

We fabricated a novel FInFET TANVAS (one corner) memory device using
vacuum tunneling layer. Figure 3-19 and figure 3-20 present the transfer
characteristics of the FInFET TANVAS device with various programming/erasing
timesat Vgs= 12V and Ves= -12 V, respectively. Figure 3-21 and figure 3-22 present

the comparisons of threshold voltage shifts between the FinFET TANVAS device and
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the FinFET TANOS device after programming and erasing operation, accordingly. In
the programming characteristics, the FINFET TANVAS device exhibits a large Vi,
shift of 3.49V in 10 ms at a gate pulse of 12 V, while the V, shift of FinFET TANOS
device is only 2.18 V. In the erasing characteristics, the FINFET TANVAS device
exhibits a Vi, shift of 3.84 V in 10 ms at a gate pulse of -12 V, the Vy, shift of FinFET
TANOS device is 3.06 V. It is obvious that both the programming and erasing
efficiency of the FINFET TANVAS device are much better than the FinFET TANOS
device. The improvement on programming and erasing efficiency can be attributed to
the utilization of vacuum tunneling layer. Vacuum is a low-k material, and utilizing
low-k material as tunneling layer would further increase the voltage drop and electric
field in the tunneling layer. In addition, voltage drop and electric field would be
decreased in the blocking layer ‘and-thereby suppress the electron back tunneling
effect. Consequently, the programming and the erasing speed would be increased
effectively. These results verify that using vacuum tunneling layer is capable of
enhancing the efficiency of programming and erasing.

Figure 3-23 and figure 3-24 show the comparisons of threshold voltage shifts of
the FINFET TANVAS device with various programming/erasing biases. Figure 3-25
and figure 3-26 show the comparisons of threshold voltage shifts of the FinFET
TANOS device with various programming/erasing biases. It is observed that the
FinFET TANVAS device aways exhibits better programming and erasing efficiency
than the FINFET TANOS device even in different programming/erasing bias
conditions.

Figure 3-35 and figure 3-36 show the transfer characteristics of the FinFET
TANVAS device with various programming/erasing times at Vgs= 9 V and Vgs= -9
V, respectively. Figure 3-37 shows the threshold voltage shifts of the FinFET

TANVAS device with various programming/erasing times after programming and
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erasing operation. In the programming characteristics, the FINFET TANVAS device
exhibits a Vy, shift of 202 V in 10 ms at a gate pulse of 9 V. In the erasing
characteristics, the FinNFET TANVAS device exhibits a Vy, shift of 2.09 V in 10 ms at
a gate pulse of -9 V. Even if the programming and erasing biases are only 9 V, the
FINFET TANVAS device is still capable of injecting charges across the tunneling
layer and producing a 2-V window of threshold voltage shift in 10 ms. It proves that
the FINFET TANVAS device which combines high-k blocking layer with vacuum
tunneling layer can work well in low voltage operations, and this kind of low power

consumption deviceis very promising in memory industry.

3-4-4. Program/Er ase Efficiencies of FInFET THNVAS and
FINFET THNOS

We fabricated a FInFET THNVAS memory device and replaced blocking oxide
with HfO,. Figure 3-27 and figure 3-28 show the transfer characteristics of the
FinFET THNVAS device with various programming/erasing times at Vgs= 12 V and
Vgs= -12 V, accordingly. Figure 3-29 and figure 3-30 show the transfer
characteristics of the FInFET THNOS device with various programming/erasing times
at Ves= 12V and Vgs=-12 V, correspondingly. Figure 3-31 and figure 3-32 show the
comparisons of threshold voltage shifts between the FINFET THNVAS device and the
FinFET THNOS device after programming and erasing operation, respectively. In the
programming characteristics, the FINFET THNVAS device exhibits a large Vi, shift
of 3.27 V in 10 ms at a gate pulse of 12 V, while the Vi, shift of FinNFET THNOS

deviceisonly 2.79 V. In the erasing characteristics, the FInFET THNVAS device
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exhibits a Vi, shift of 4.99 V in 10 ms at a gate pulse of -12 V, and the V shift of
FinNFET THNOS device is 4.06 V. It is obvious that both the programming and
erasing efficiency of the FINFET THNVAS device is much better than the FinFET
THNOS device. The improvement on programming and erasing efficiency can also be
attributed to the utilization of vacuum tunneling layer. No matter the high-k blocking
layer is Al,O3 or HfO,; the vacuum tunneling layers are capable of enhancing the
efficiency of programming and erasing.

Figure 3-33 and figure 3-34 show the comparisons of threshold voltage shifts
between the FINFET TANVAS device and the FINFET THNVAS device after
programming and erasing operation, accordingly. In the programming characteristics,
the FINFET THNVAS device exhibits'larger V4, shifts than the FINFET TANVAS
device before 1 ms programming time. On the contrary, the FinFET THNVAS device
presents smaller memory window than the FInNFET TANVAS device after 1 ms
programming time. The reason why the FINFET THNVAS device exhibits larger
windows before 1 ms is that the dielectric constant (k) of HfO, is larger than that of
Al,Os. Utilizing a higher dielectric constant material as a blocking layer will
enormously increase the electric field in the tunneling layer and thereby enhance the
probability of carrier injection across the tunneling layer. Therefore, the FINFET
THNVAS device has faster programming speed and it exhibits larger windows of Vi,
shifts before 1 ms programming time. When the dielectric constant of materials
becomes higher, the energy band gap will become smaller. Due to the lower
conduction band level of HfO,, the nitride storage charges will easily tunnel across
the HfO, layer. Charges inject across tunneling layer from channel and charges inject
across blocking layer from nitride layer will reach a dynamic balance in a shorter
period. Consequently, the curve of threshold voltage shifts of the FINFET THNVAS

device will achieve saturation more rapidly than that of the FInNFET TANVAS device
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Therefore, the FINFET THNVAS device exhibits smaller windows of Vy, shifts after 1
ms programming time. In the erasing characteristics, the FinFET THNVAS device
exhibits a Vi, shift of 4.99 V in 10 ms at a gate pulse of -12 V, and the V shift of
FiNFET TANVAS device is 3.84 V. It is obvious that the erasing efficiency of the

FinFET THNVAS device is much better than the FiINFET TANVAS device.

3-4-5. Endurance Characteristicsof TANVAS, TANOS, and
THNVAS

For memory devices, there should be a reference voltage to distinguish between
programming state and erasing state. Differential sense amplifiers will determine the
state by judging the relationship between threshold voltage and reference voltage. In
N-channel devices, if the threshold voltage is_higher than the reference voltage,
differential sense amplifiers will determine it’s a programming state. On the contrary,
if the threshold voltage is lower than the reference voltage, differential sense
amplifiers will determine it's an erasing state. For fresh memory devices, the
reference voltage can be set as the intermediate value between threshold voltages of
programming and erasing states, and it will be much easier for differential sense
amplifiers to determine the state.

In the endurance measurement, if the threshold voltage of programming state is
lower than reference voltage, or the threshold voltage of erasing state is higher than
reference voltage, differential sense amplifiers cannot determine the correct states and
memory devices will malfunction. Therefore, memory devices which can work well

after much more programming/erasing cycles have better endurance characteristics.
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Figure 3-38 and figure 3-39 show the endurance characteristics of FInFET
TANVAS device and FinFET TANOS device, respectively. The memory window is
3.12 V in the fresh FinFET TANVAS device and it keeps a 2.7-V window after 10*
P/E cycles. In the FiNFET TANOS device, the initial memory window is2.96 V and it
keeps a 2.38-V window after 10" P/E cycles. The FinFET TANVAS device has less
window loss and maintains the memory window well after 10* P/E cycles. There will
be a higher chance for the FINFET TANVAS device to endure externa stress for a
long time.

According to the endurance measurements of FINFET TANVAS device and
FinFET TANOS device, the curves of threshold voltages go upward gradually. It is
worth to mention that the memory«devices will lose function when the threshold
voltage of erasing state transcends the reference voltage. There are two reasons to
explain why the curves of threshold voltages would go.upward gradualy. The first
reason is the stored charges in deep-level traps of nitride trapping layer are hard to be
erased. The second reason is that the charges which are trapped in the tunneling layer
and the poly-Si/SIO, interface by external stress, thus degrading the performances of
memory devices. Those trapped charges would make the curves go upward more
rapidly, and memory devices would malfunction after cycles. For the FInFET
TANVAS device, it still works well after 10* P/E cycles. However, differential sense
amplifiers in the FINFET TANOS device cannot determine the state after 8500 P/E
cycles. It indicates that FINnFET TANVAS devices have better endurance
characteristics than FinFET TANOS devices. During P/E cycles, less dangling bonds
and trapped charges are generated in the vacuum tunneling layer, so the FinFET
TANVAS device can work well for a long time and have better endurance
characteristics.

Figure 3-40 shows the endurance characteristics of FINFET THNVAS device.
31



The memory window is 4.43 V in the fresh FiNFET THNVAS device and it keeps a
3.85-V window after 10* PIE cycles. The window loss of the FinFET THNVAS
device is just little so that the memory window is maintained very well after 10* PIE
cycles. In addition, just like the FINFET TANVAS device, the FINFET THNVAS
device still works well after 10* P/E cycles. It proves that charge trapping memory
devices with vacuum tunneling layer can improve endurance characteristics

efficiently.

3-4-6. Retention Characteristicsof TANVAS, TANOS, and
THNVAS

Figure 3-41 and figure 3-42 show the retention characteristics of FInFET
TANVAS device and FInFET TANOS device, accordingly. Figure 3-43 shows the
comparison of the retention characteristics between FINFET TANVAS device and
FINFET TANOS device. The memory window of the FInFET TANVAS device is
1.44 V after extrapolating to retention time of 10 years. The memory window of the
FNnFET TANOS device is only 0.86 V after extrapolating to retention time of 10
years. Due to the more traps and defects in oxide tunneling layer, it is much easier for
charges to flow across tunneling layer by these traps and defects. Therefore, FinFET
TANVAS devices have larger retention windows and better retention characteristics.

Figure 3-44 shows the retention characteristics of FINFET THNVAS device.
Figure 3-45 shows the comparison of the retention characteristics between FinFET
TANVAS device and FInFET THNVAS device. The memory window of the FinFET

THNVAS deviceis 1.19 V after extrapolating to retention time of 10 years. Although
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the FINFET THNVAS device has a larger initial window, it has a smaller 10-year
retention window than that of FINFET TANVAS device. This is because HfO,
blocking layer has smaller energy band gap. The conduction band level of HfO; is
lower than that of Al;Os. It is much easier for charges to flow across HfO, blocking
layer than to flow across Al,O3 blocking layer. As aresult, FInNFET THNVAS devices

have smaller 10-year retention windows as compared with FINnFET TANVAS devices.

3-5. Summary

We have demonstrated Poly-Si' TFT TANVAS, TANOS, THNVAS, and THNOS
memory devices (The electrical characteristics are shown in Table 3-1). Utilizing
high-k materias, such as Al;03; and HfO, as blocking layer or using low-k materials,
like vacuum, as tunneling layer can increase electric field in the tunneling layer and
decrease electric field in the blocking layer. Therefore, program/erase efficiency
would be enhanced remarkably. For TANOS and THNOS, SiO./Si interface and SIO,
tunneling layer are liable to be damaged after some program/erase cycles. Using
vacuum as tunneling layer can overcome this obstacle and exhibit better endurance
characteristics. Traps in oxide tunneling layer and lower barrier of HfO, blocking
layer would provide leakage paths for charges. As a result, the TANVAS memory
devices are able to preserve stored charges for a long time and present great retention

characteristics.

33



Chapter 4
Summary and Conclusions

In this thesis, we have dedicated to explore and investigate some new methods of
promoting electrical characteristics for charge trapping memory devices. It has been
classified into two topics. First, the corner effect of SONOS memory devices, and
second, charge trapping memory devices with high-k blocking layer and vacuum
tunneling layer.

In order to discuss corner effect of SONOS memory devices, we have fabricated
three kinds of Poly-Si TFT SONOS -memory devices with a FinFET structure, an
omega gate structure, and a-GAA structure. Due to the sharp corner geometry, the
local electric field of channel/tunneling oxide interface can be enhanced greatly and
thereby improve the program efficiency.. Additionally, the electric field in the blocking
oxide is deservedly diminished accompanying the suppression of electron
back-tunneling. The Poly-Si TFT SONOS memory devices with a FinFET structure,
an omega gate structure and a GAA structure exhibit a threshold voltage shift of
1.58V, 2.98 V and 3.52 V for FN programming at Vgs = +18V in 10 ms. The SONOS
memory device with a GAA structure exhibits the highest program speed and it
proves that SONOS memory devices with more corners will enhance program
efficiency.

We have proposed Poly-Si TFT TANVAS, TANOS, THNVAS, and THNOS
memory devices. Utilizing high-k materials, such as Al,O3; and HfO,, as blocking

layer or using low-k materials, like vacuum, as tunneling layer can increase electric
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field in the tunneling layer and decrease electric field in the blocking layer. Therefore,
the program/erase speed will be enhanced remarkably. In our experiments, the Poly-Si
TFT TANVAS memory device exhibits a threshold voltage shift of 3.49 V and 3.84 V
for FN program and erase operations at Vgs = +12/-12 V in 10 ms, respectively. It
presents higher program/erase efficiency than the TANOS memory device. For the
TANOS memory device, since the SO, tunneling layer is liable to be damaged after
program/erase cycles, the TANOS memory device breaks down after 8500 P/E cycles.
In contrary, the TANVAS memory device still works well after 10000 P/E cycles and
exhibits better endurance characteristics. This is because the traps in oxide tunneling
layer and lower conduction band offset in HfO, blocking layer will provide |eakage
paths for charges. As a result, the . memory windows of the TANOS and THNVAS
memory devices are only 0.86.V and 1.19 V after extrapolating to retention time of 10
years, accordingly. The TANVAS memory device can avoid these problems and
possess larger memory window of 1.44 V. Using Al,Qzas blocking layer can preserve
stored charges for a long time and presents great retention characteristics. To sum up,
the TANVAS memory device shows great performance and reliability characteristics,

and it isvery promising for future applications in high density circuits and SOP.
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Threshold Voltage Shift Retention
extrapolating to
Program Erase retention time of 10
at +12V for 0.01sec at-12V for 0.01sec years

TANOS 2.18V 3.06V Malfunction 0.86V
after 8500 P/E cycles

TANVAS 3.49V 3.84V Work well 1.44V
after 10° P/E cycles

THNOS 2.79V 4.06V —

THNVAS 3.27V 4.99V Work well 1.19V
after 10" P/E cycles

Table 3-1 The dlectrical characteristics of the FINFET TANOS, TANVAS, THNOS,
and THNVAS memory devices.
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Poly-
Silicon

Poly-Si
substrate

Fig. 1-1 The structure of the conventional floating gate nonvolatile memory device.
The poly-Si floating gate is usediasthe charge storage element.

substrate

Fig. 1-2 The structure of the SONOS nonvolatile memory device. The nitride layer is
used as the charge-trapping element.
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Fig. 1-3 Proposed tragjectory of an emitted channel electron. An energetic electronis
redirected toward the interface by anacoustic phonon scattering.
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Fig. 1-4 () Direct tunneling is associated with transversal of atrapezoidal barrier.
(b) Fowler-Nordheim Tunneling is associated with transversal of atriangular
barrier.
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Fig. 1-5 Illlustration of Band to band tunneling. (@) Electron-hole pairs appear in the
deep-depletion region layer in the n+ drain.(b) The path of electron-hole pair
in energy band diagram.

channel Nitride Gate

k|  Tunnelifg Blockling
Fig. 1-6 Band diagram of trapped charges loss path in SONOS: trap-to-band

tunneling (T-B), trap-to-trap tunneling (T-T), band-to-trap tunneling (B-T),
thermal excitation (TE) and Frenkel-Poole emission (PF).
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Fig. 2-1 The cross-section view step of the strip formation for the FinFET structure.
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Fig. 2-2 The cross-section view step of the a-Si spacers formation for the FinFET
structure.
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Fig. 2-3 The cross-section view step of the nanowire-channel formation for the
FinFET structure.

z SizN,

Fig. 2-4 The cross-section view step of the gate formation for the FINFET structure.
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Buffer Oxide

z

..

Fig. 2-5 The cross-section view step of the strip formation for the omega gate
structure and the GAA structure.

Buffer Oxide

Fig. 2-6 The cross-section view step of the aSi spacers formation for the omega gate
structure.

48



Multiple Nanowire Channels

z Buffer Oxide

L.

Fig. 2-7 The cross-section view step of the nanowire-channel formation for the
omega gate structure.

Fig. 2-8 The cross-section view step of the gate formation for the omega gate
structure.
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Fig. 2-9 The cross-section view step of the nanowire-channel formation for the
GAA structure.

Fig. 2-10 The cross-section view step of the gate formation for the GAA structure.
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Fig. 2-12 The magnifying cross-section TEM image after patterning gate for the
omega gate structure.
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Fig. 2-13 The distribution of electrical field across the stacked ONO dielectrics for the

omega gate structure at Ves=18/V.
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Fig. 2-14 The distribution of electrical field across the stacked ONO dielectrics for the

GAA dtructureat Ves=18V.
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Fig. 2-15 The distribution of electrical field across the stacked ONO dielectrics for the
first corner in the omegagate structureat Ves= 18 V.
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Fig. 2-16 The distribution of electrical field across the stacked ONO dielectrics for the
second corner in the omega gate structure at Ves=18 V.
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Fig. 2-17 The transfer characteristics of the FINFET structure memory device with
various programming timesat Vgs= 18 V.
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Fig. 2-18 The transfer characteristics of the omega gate structure memory device with
various programming times at Vgs= 18 V.
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Fig. 2-19 The transfer characteristics of the GAA structure memory device with
various programming timesat Vgs= 18 V.
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programming operation.
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Fig. 3-1 The cross-section view step of the gate formation before etching oxide for the
TANVAS memory device.
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acuum (Tunneling)

Si

Fig. 3-2 The cross-section view step of the gate formation after etching oxide for the
TANVAS memory device.
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Fig.3-3 The cross-section schematic image after patterning gate and ion implantation.
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Fig.3-4 The cross-section schematic image after nitride spacers formed.
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Fig. 3-5 The cross-section schematic | etching tunneling oxide with 1:10
diluted BOE.
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Fig. 3-6 The cross-section schematic image after depositing passivation oxide.
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15.0kV 12.3mm x1.80k SE(U)

15.0kV 12.1mm x15.0k SE(U)
Fig. 3-8 Thetiled view SEM image of multiple nanowire channels for the TANVAS
memory device.
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15.0kV 12.4mm x3.50k SE(U) 10.0um

Fig. 3-9 Thetop view SEM image for the TANVASmemory device.

L
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1

Source Drain

Gate

Fig. 3-10 The designed mask patterns for the TANVAS memory device.
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15.0kV 12.2mm x110k SE(U)
Fig. 3-11 The magnifying tiled-view SEM image for the TANVAS memory device.
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Fig. 3-12 The transfer characteristics of TANVAS memory device when the program
biasissetasVgs=6 V.
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Fig. 3-13 The transfer characteristics of the FiInFET TANOS device with various
programming times at Vgs=12 V.
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Fig. 3-14 The transfer characteristics of the FiInFET TANOS device with various
erasingtimesat Vgs=-12 V.
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Fig. 3-15 The transfer characteristics of the CP TANOS device with various
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programming times at Vgs=12 V.
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Fig. 3-16 The transfer characteristics of the CP TANOS device with various erasing

times at Vges=-12V.
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Fig. 3-17 The comparisons of threshold voltage shifts between the FINFET TANOS
device and the CP TANOS device after program operation.
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Fig. 3-18 The comparisons of threshold voltage shifts between the FInNFET TANOS
device and the CP TANOS device after erase operation.
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Fig. 3-19 The transfer characteristics of the FINFET TANVAS device with various
programming times at Vgs=12 V.
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Fig. 3-20 The transfer characteristics of the FInFET TANVAS device with various
erasingtimesat Vgs=-12 V.
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Fig. 3-21 The comparisons of threshold voltage shifts between the FinNFET TANVAS
device and the FinFET TANOS device after program operation
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Fig. 3-22 The comparisons of threshold voltage shifts between the FinNFET TANVAS
device and the FinFET TANOS device after erasing operation
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Fig. 3-23 The comparisons of threshold voltage shifts of the FInNFET TANVAS device
between various program biases.
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Fig. 3-24 The comparisons of threshold voltage shifts of the FInNFET TANVAS device
between various erase biases.
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Fig. 3-25 The comparisons of threshold voltage shifts of the FInFET TANOS device
between various program biases.

0.0

Erase bias:

05 -_I\. V5=V[)=0V —
_1-0-\ \ —e—V_ =11V 1
] * —a—V_=-12V _
\ —A—V_=-13V |

154

V,, shift (v)
N
2

TANOS
304 [=1um 2
1 4 pars nanowire l
35 T
4.0 ' LR | ' LR | ' LRI | ' L
1E6 1E5 1E4 1E3 [1113]

Time (sec)

Fig. 3-26 The comparisons of threshold voltage shifts of the FInFET TANOS device
between various erase biases.
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Fig. 3-27 The transfer characteristics of the FInFET THNVAS device with various
programming times at Vgs=12 V.
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Fig. 3-28 The transfer characteristics of the FInFET THNVAS device with various
erasingtimesat Vgs=-12 V.
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Fig. 3-29 The transfer characteristics of the FiInFET THNOS device with various
programming times at Vgs=12 V.
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Fig. 3-30 The transfer characteristics of the FiInFET THNOS device with various
erasingtimesat Vgs=-12 V.

71



1E-6 1E5 1E4 1E3 001
Time (sec)

Fig. 3-31 The comparisons of threshold voltage shifts between the FinNFET THNVAS
device and the FinFET THNOS device after program operation.
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Fig. 3-32 The comparisons of threshold voltage shifts between the FinFET THNVAS
device and the FinFET THNOS device after erase operation.

72



—e— THNVAS i
—u— TANVAS f.é.

V,, shit (V)

1E6 1E5H 1E4 1E3 001

Time (sec)

Fig. 3-33 The comparisons of threshold voltage shifts between the FinNFET TANVAS
device and the FinFET THNVAS device after program operation.
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Fig. 3-34 The comparisons of threshold voltage shifts between the FinFET TANVAS
device and the FinFET THNVAS device after erase operation.
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Fig. 3-35 The transfer characteristics of the FINFET TANVAS device with various
programming times at Vgs=9 V.
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Fig. 3-36 The transfer characteristics of the FInFET TANVAS device with various
erasingtimesat Vgs=-9V.
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Fig. 3-37 The threshold voltage shifts of the FINFET TANVAS device with various
programming/erasing times after programming and erasing operation.
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Fig. 3-38 The endurance characteristics of FINFET TANVAS device.
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Fig. 3-39 The endurance characteristics of FHINFET. TANOS device.
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Fig. 3-40 The endurance characteristics of FINFET THNVAS device.
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Fig. 3-41 The retention characteristics of FINFET TANVAS device.
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Fig. 3-42 The retention characteristics of FINFET TANOS device.
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Fig. 3-43 The comparison of the retention characteristics between FInFET TANVAS
device and FinFET-TANOS device.
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Fig. 3-44 The retention characteristics of FINFET THNVAS device.

78



50 LALLM D L N 1 1 001 ) |
1 Se - THNVAS Program 10 yeard
457 —v— THNVAS Erase 7
I —o— TANVAS Program ]
l "~ungy |—v— TANVAS Erase
3.5 LSS i
1" - O
3.0 885 o .
s 25 I
~ 20 ]
> | |
15 | 1
10 g VTV I ]
05- V/ v _
o / v Program bias: V_=12V,1ms
O'O'_ Erase bias: V_=10V,1ms ]
-0.5 b IELLILLLLLY LI LLLL IR LLL | mp T bRLLL LR LLLLY LR

10° 100 100 10®° 10° 0 10° 100 100 10°
Times (sec)

Fig. 3-45 The comparison of the retention characteristics between FInFET TANVAS
device and FinFET-THNVAS device.
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