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Abstract

For non-volatile memories (NVVM) generally, there are two limitations encountered at
the present time. (1) The limited potential for continued scaling of the device structure: this
scaling limitation stems from the extreme requirements on the tunnel oxide layer. To balance
between program/erase speed and retention' time, ‘there is a trade-off between speed and
reliability for the optimal tunnel-oxide thickness. (2) TFhe quality and strength of tunnel oxide
after plenty of program/erase cycles, 'once‘a-leaky path has been created in tunnel oxide, all
charges stored in the floating gatewill be lost. Therefore, two approaches, the
silicon-oxide-nitride-oxide-silicon (SONOS) and the nanocrystal non-volatile memory device,
have investigated to overcome this oxide quality limit of the conventional floating gate
non-volatile memories.

A combination of SONOS and nanocrystal non-volatile memory device is proposed in
this study. To alleviate the scaling limitation of the conventional FG device while preserving
the fundamental operating principle of the memory, we have studied the distributed charge
storage approach such as the nanocrystal non-volatile memory. Each nanocrystal will
typically store only a handful of electrons; collectively the charges stored in these dots control
the channel conductivity of the memory device. Nanocrystal charge storage offers several
advantages, the main one being the potential to use thinner tunnel oxide without sacrificing
non-volatility. This is a quite attractive proposition since reducing the tunnel oxide thickness
is a key to lowering operating voltages and/or increasing operating speeds. The improved
scalability results not only from the distributed nature of the charge storage, which makes the

storage more robust and fault-tolerant, but also from the beneficial effects of Coulomb



blockade. A local leaky path will not cause a fatal loss of information for the nanocrystal
non-volatile memory device. Also, the nanocrystal memory device can maintain good
retention characteristics and lower the power consumption.

A Si-NCs embedded in SizN4 film is introduced to replace the nitride film in SONOS
structure. Because there are two charge-storage node source, the nodes in Si-NCs in SizNg4
dielectric film, comparing to SONOS and Si-NCs memory, a large memory window and good
retention characteristics can be obtained. Changing the Si-NCs size, size large memory
window large, but memory window large which have not good retention characteristics.
When a memory device has a proper Si-NCs size, it is easier to meet the requirement of
10-year retention. And, we hope this approach can improve the two limitation mentioned
above.

We also discussed the data retention issues. We measured the data retention at room

temperature, 150°C and high temperature 250°C, respectively. At room temperature and
150°C, SONOS and Si-NCs memory show good capability of data retention. But at high
temperature 250°C, bad tunnel oxide, quality résulted in charge loss, but the data retention of

Si-NCs SONOS memories is still.superior to the SONOS.
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Table Captions

Chapter 1

Table 1-1 Operation bias conditions of a NROM cell.

Chapter 2

Table 2-1 Size and density of Si-NCs_1m30s and Si-NCs_2min sample.

Table 2-2 Summary for program window of different sample when program voltage Vg=25-V
and program time 10-sec. The program window of Si-NCs is larger for control
sample. And the larger Si-NCs size has more trapping sites for large memory
window.

Table 2-3 Summary for program.windowrof differént sample when program voltage 15, 20
and 25V and stress 1sec,-5sec and~10sec,-respectively. The program window of
Si-NCs is larger for: control.sample.” The tunnel oxide is dry N,O 3nm by
horizontal-furnace.

Chapter 3

Table 3-1 Summary for program window of different tunnel oxide film when V=20V and
stress 1sec. The program window of Si-NCs_1m30s is larger for control sample.
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Figure Captions

Chapter 1

Fig. 1-1 The cell structure of a nitride storage flash memory cell.

Fig. 1-2 Schematic representation of a NROM cell with physically 2-bits storage. The shaded
area in the nitride layer represents stored charges.

Fig. 1-3 The device structure of nanocrystal non-volatile memory.

Chapter 2

Fig. 2-1 Structure of Si-NCs SONOS memory. During the nitride deposition step, the Si-NCs
trapping layer was crystallized and Si-NCs embedded in SisN4 were formed.

Fig. 2-2 Si-NCs formation. During the 4-nm nitride deposition step, the a-Si nucleation
convert to poly-Si-NCs and. Si-NCs embedded in SisN4 were formed.

Fig. 2-3 AFM pictures of Si=nanocrystals ‘deposited on SisN4 (a) control sample (b)
Si-NCs_1m30s sample and- (c) “Si-NCs_2min sample, with the same growth
conditions. The densities are; respectively, 6.7x10™ and 3x10"* cm® The diameters
are about, respectively, 8 and-10 nm.

Fig. 2-4 The experimental setup for the transfer characteristic and program/erase
characteristic of SONOS with Si nanocrystals memory.

Fig. 2-5 Positive gate voltage applied when use Fowler-Nordheim tunneling to program.
Energy band representation of Fowler-Nordheim tunneling. Electron in Si
conduction band tunnel through the triangular energy barrier.

Fig. 2-6 Program window characteristic of different sample. The program window of control,
Si-NCs_1m30s and Si-NCs_2min sample are about 3.58V, 6.25V and 8.98V,
respectively.

Fig. 2-7 Program window characteristic of different sample when program voltage 15, 20 and
25V stress 1sec, 5sec and 10sec, respectively. (a) control sample, (b) Si-NCs_2min
sample and (c) Si-NCs_1m30s sample. The tunnel oxide is dry N,O 3nm by
horizontal-furnace.

Fig. 2-8 Program window characteristic of different sample when program voltage 15, 20 and
25V stress 1sec, 5sec and 10sec, respectively. (a) control sample, (b) Si-NCs_2min
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sample and (c) Si-NCs_11m30s sample. The tunnel oxide is dry N,O 2.5nm by
vertical-furnace.

. 2-9 Program window characteristic of different sample when program voltage 15, 20 and
25V stress 1sec, 5sec and 10sec, respectively. (a) control sample, (b) Si-NCs_2min
sample and (c) Si-NCs_1m30s sample. The tunnel oxide is dry O, 2.5nm by
vertical-furnace.

. 2-10 Erase characteristic of different negative gate bias. The gate bias Vg=-15V,
t=10sec,can be erased /\Vgg shift about -0.5V. Because gate injection effect, when
the gate bias Vs=-20V, t=1sec, be programmed /\ Vg shift about 0.8V.

. 2-11 Negative gate voltage applied when use Fowler-Nordheim tunneling to erase.
Energy band representation of Fowler-Nordheim tunneling. Electron in Si-NCs
trapping layer and poly-Si gate are tunnel through the energy barrier.

. 2-12 Data retention characteristic of different temperature for AVeg=2V. The tunnel
oxide is dry N,O 3nm by horizontal-furnace. (a) control sample, (b) Si-NCs_2min
sample and (c) Si-NCs_1m30s.sample:

. 2-13 Data retention characteristic of different:temperature for AVes=2V. The tunnel
oxide is dry N,O 2.5nm hy vertical<furnace: (a) control sample, (b) Si-NCs_2min
sample and (c) Si-NCs_1m30s sample.

. 2-14 Data retention characteristic of different temperature for AVes=2V. The tunnel
oxide is dry O, 2.5nm by vertical-furnace. (a) control sample, (b) Si-NCs_2min
sample and (c) Si-NCs_1m30s sample.

. 2-15 Data retention characteristic of different sample for AVeg=2V. The tunnel oxide is
dry N,O 3nm by horizontal-furnace. (a) At 25°C, (b) At 85°C and (c) At 150°C.

. 2-16 Data retention characteristic of different sample for AVeg=2V. The tunnel oxide is
dry N2O 2.5nm by vertical-furnace. (a) At 25°C, (b) At 85°C and (c) At 150°C.

. 2-17 Data retention characteristic of different sample for AVgg=2V. The tunnel oxide is
dry O, 2.5nm by vertical-furnace. (a) At 25°C, (b) At 85°C and (c) At 150°C.

. 2-18 Data retention characteristic of different tunnel oxide film for AVg=2V at T=25C.
(@) control sample, (b) Si-NCs_2min sample and (c) Si-NCs_1m30s sample.

. 2-19 Data retention characteristic of different tunnel oxide film for AVg=2V at T=85C.
(@) control sample, (b) Si-NCs_2min sample and (c) Si-NCs_1m30s sample.

. 2-20 Data retention characteristic of different tunnel oxide film for AVg=2V at



T=150°C. (a) control sample, (b) Si-NCs_2min sample and (c) Si-NCs_1m30s
sample.

Chapter 3
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3-1 Process flows of Si-NCs SONOS memory. After dopant activation, deposited 400nm
passivation oxide, and metallization, we had finished device fabrication. During the
nitride deposition step, the Si-NCs trapping layer was crystallized and Si-NCs
embedded in SizN,4 were formed.

3-2 Transfer characteristic of fresh state and program state for Si-NCs_1m30s sample. A
memory window about 2.5V can be easily achieved, when program time is 1sec. The
leakage current of Si-NCs_1m30s sample is about 10"%A.

3-3 Program speed characteristic for different sample. This gate voltage bias is 20V and
tunnel oxide by dry N,O 3nm horizontal-furnace. The programming time be 1s if the
windows margin is set about 3V with V=20V for control sample.(a) control sample
and (b) Si-NCs_1m30s sample.

3-4 Program speed characteristic for-different programming conditions at different Vg
and Vp. The programming time can be-as short as 10 s if the windows margin is set
about 1V with V=6V, Vp=6V. This tunnel oxide is dry O, 2.5nm vertical-furnace. (a)
control sample, (b) Si-NCs_2min sample and (c) Si-NCs_1m30s sample.

3-5 Erase speed characteristic for different erasing conditions at Vp=7V and different V.
The erasing time can be as short as s order. This tunnel oxide is dry O, 2.5nm
vertical-furnace. (a) control sample, (b) Si-NCs_2min sample and (c) Si-NCs_1m30s
sample.

3-6 Erase speed characteristic for different erasing conditions at Vg=-9V and different Vp.
The erasing time can be as short as s order. This tunnel oxide is dry O, 2.5nm
vertical-furnace. (a) control sample, (b) Si-NCs_2min sample and (c) Si-NCs_1m30s
sample.

3-7 Data retention characteristic of different sample for AV=2V. (a) control sample, (b)
Si-NCs_2min sample and (c) Si-NCs_1m30s sample. The tunnel oxide is dry N,O
3nm by horizontal-furnace.

3-8 Data retention characteristic of different sample for AV=2V. (a) control sample, (b)
Si-NCs_2min sample and (c) Si-NCs_1m30s sample. The tunnel oxide is dry N,O
2.5nm by vertical-furnace.

Xl



Fig

Fig.

Fig

Fig.

Fig

Fig

Fig

Fig

Fig

Fig

Fig

Fig

. 3-9 Data retention characteristic of different sample for AV=2V. (a) control sample, (b)
Si-NCs_2min sample and (c) Si-NCs_1m30s sample. The tunnel oxide is dry O,
2.5nm by vertical-furnace.

3-10 Data retention characteristic of different temperature for dry N,O 3nm by
horizontal-furnace when programming AVt=2V. (a) At T=25%C, (b) At T=150°C and
(c) At T=250C.

. 3-11 Data retention characteristic of different temperature for dry N,O 2.5nm by
vertical-furnace when programming AVt=2V. (a) At T=25C, (b) At T=150°C and (c)
At T=250C.

3-12 Data retention characteristic of different temperature for dry O, 2.5nm by
vertical-furnace when programming AVt=2V. (a) At T=25C, (b) At T=150C and (c)
At T=250C.

. 3-13 Data retention characteristic of different sample for different tunnel oxide film when
programming AVt=2V at T=25°C. (a) control sample, (b) Si-NCs_2min sample and
(c) Si-NCs_1m30s sample.

. 3-14 Data retention characteristic ofidifferent sample for different tunnel oxide film when
programming AVt=2V at T=150°C. (&) control sample, (b) Si-NCs_2min sample and
(c) Si-NCs_1m30s sample.

. 3-15 Data retention characteristic of different sample for different tunnel oxide film when
programming /A Vt=2V at T=250°C."(a) control sample, (b) Si-NCs_2min sample and
(c) Si-NCs_1m30s sample.

. 3-16 Data retention characteristic of high state and low state for dry N,O 3nm by
horizontal-furnace at T=25°C. (a) control sample, (b) Si-NCs_2min sample and (c)

Si-NCs_1m30s sample.

. 3-17 Data retention characteristic of high state and low state for dry N,O 3nm by
horizontal-furnace at T=150°C. (a) control sample, (b) Si-NCs_2min sample and (c)

Si-NCs_1m30s sample.

. 3-18 Data retention characteristic of high state and low state for dry N,O 3nm by
horizontal-furnace at T=250°C. (a) control sample, (b) Si-NCs_2min sample and (c)

Si-NCs_1m30s sample.

. 3-19 During Cell A is programmed, the gate disturbance takes place in Cell B and the
drain disturbance takes place in Cell C.

. 3-20 Programming gate disturbance characteristic of different sample at Vs=6V. This
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gate length and width are 0.4 m and 10 m. The tunnel oxide is dry O, 2.5nm by
vertical-furnace. The Vt shift of gate disturbance is lower than 0.1V for 1000s stress
with Vg=6V.

Fig. 3-21 Programming gate disturbance characteristic of different sample at Ve=7V. This
gate length and width are 0.4 m and 10 m. The tunnel oxide is dry O, 2.5nm by
vertical-furnace. The Vt shift of gate disturbance is lower than 0.4V for 1000s stress
with Vg=7V.

Fig. 3-22 Drain disturbance characteristic of different sample at Vp=6V. This gate length and
width are 0.4 m and 10 m. The tunnel oxide is dry O, 2.5nm by vertical-furnace.
The Vt shift of drain disturbance is lower than 0.04V at the worse condition of 1000sec
stress.

Fig. 3-23 Drain disturbance characteristic of different sample at Vp=7V. This gate length and
width are 0.4 m and 10 m. The tunnel oxide is dry O, 2.5nm by vertical-furnace.
The Vt shift of drain disturbance is lower than 0.1V at the worse condition of 1000sec
stress.
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Chapter 1 Introduction

1.1 Brief Introduction of SONOS Memory Cell

SONOS cell offers several advantages over conventional floating gate memory cells:
higher density, simple processes, low-voltage operation, elimination of the drain-induced turn
of effect, multi-bit operation, and no floating gate coupling effect [1-5]. For the SONOS cell,
the endurance and data retention [6] are the two most important reliability issues. Scaled
SONOS can be operated at a lower bias; however, data retention has been critical for the
scaling of ONO layers [7-9] SONOS Flash memory cell which Fowler-Nordheim tunnel
program by electron and direct tunnel erase by hole [10] has been proposed for years. As
shown in Fig.1-1, the carriers are stored in. the traps of the nitride layer between the top and
the bottom oxides. Besides, its large cellrsize (6F?; F=feature size) and slow program/erase
speed limit its applications. Recently, SONOS cell has evolved into a 2-bits-per-cell storage
architecture (NROM [11]) by ‘utilizing the:localized charge trapping effect of nitride.
Localized trapping nitride trapping storage memory cell enables a memory cell to hold twice
as much data as the standard memory cell. But, the quality and strength of tunnel oxide after
plenty of program/erase cycles, once a leaky path has been created in tunnel oxide, some
region charges stored in the nitride will be lost.

Eitan et al. [11] proposed a novel localized 2-bit nonvolatile memory cell named as
NROM™. The two-bit operation is performed by charge storage on source-side and
drain-side silicon nitride layer. NROM Flash memory cell structure is shown in Fig.1-2, and
the operation principle is shown in Table 1-1. NROM programs its memory cell by channel
hot electron injection as conventional NOR-type floating gate memory does, which is suitable
for code storage applications. Erase is done by band-to-band tunneling induced hot-hole

injection. A novel reverse read scheme [11] is introduced to realize physically 2-bits-per-cell



operation. Although NROM cell has many advantages over conventional floating gate
memory cells, it can only be applied to code storage application due to its high power
consumption and slow program speed in program operation. Previous works [12-13] reveal
that reliability issues including read disturb, over erasure and cell retention after cycling are
major challenges. Besides, 2-bit interaction effect resulted from the reverse read scheme also
limits the device scalability [13].

To improve the device performance of the SONOS technology, the optimization of the
ONO stack has been the main considerations currently. She et al.[14] demonstrated jet vapor
deposited (JVD) silicon nitride as a tunnel dielectric for flash memory device application.
Compared to conventional devices with SiO, tunnel dielectric, faster programming speed as
well as better retention time is achieved with low programming voltage [15]. Resisinger et al.
[16] proposed a SONOS structure with a p* doped-silicon gate instead of the commonly used
n" gate. In the erase mode, the p* gate prevents the Fowler-Nordheim tunneling of electrons
from the conduction band of the gate inta the stlicon nitride film.

The consecutive scaling of the SONOS technology also drives the industry of flash
memory approaching the high density, low power consumption, and improved data retention
and endurance EEPROM’s [17]. Differing from the storage element of silicon nitride of
SONOS technology, King et al. proposed another charge storage element such as silicon rich
oxide for dynamic or quasi-nonvolatile memory application [18]. Using the traps in the silicon

rich oxide layer for charge storage, the symmetrical write/erase characteristics were achieved.

1.2 Introduction of Nanocrystal Nonvolatile Flash Memory

Non-volatile memory (NVM) devices based on localized charge storage have received
much attention due to lower program/erase (P/E) voltage, better scalability and retention
characteristics. For future charge trap NVM devices, one of the most important issues is to
achieve both high P/E speed and long retention time [19].
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Recently, Metal-oxide-semiconductor (MOS) memory structures based on silicon
nanocrystals have attracted a great interest both for potential applications in future integrated
circuit devices and for new physical phenomena. NVM devices with silicon nanocrystals
(Si-NCs) have been investigated to improve retention characteristics [20-21]. Nanocrystal
memories can achieve better reliability and higher bit density than conventional non-volatile
memories and have thus been drawing much attention. Given a large number of nanocrystals,
the cell is immune to local defects of the tunnel oxide. Furthermore, with hot-carrier
programming, charge storage in each cell can be localized, enabling 2-bit/cell operation [20].

Nanocrystal nonvolatile flash memories, shown in Fig. 1-3, are one particular
implementation of storing charges by dielectric-surrounded nanocrystals. In this kind of
memory structures, silicon nanocrystals as floating gate are embedded in the nitride layer
between the control gate and.ithe source-drain conduction channel, and charges
direct-tunneling through much -thin_ oxide into and-off the nanocrystals shift the device
threshold [22]. For the application of:nen-volatile memory device, in a sense, a long charge
retention time at room temperature 1S'the. most.important [23-24].

As compared to conventional stacked gate NVM devices, nanocrystal charge storage
offers several advantages, the main one being the potential to use thinner tunnel oxide without
sacrificing nonvolatility. This is a quite attractive proposition since reducing the tunnel oxide
thickness is a key to lowering operating voltages and/or increasing operating speeds. This
claim of improved scalability results not only from the distributed nature of the charge storage,
which makes the storage more robust and fault-tolerant, but also from the beneficial effects of
Coulomb blockade [25]. One way to exploit this advantage is to use a higher drain bias during
the read operation, thus improving memory access time. Of particular importance is the low
capacitive coupling between the external control gate and the nanocrystal charge storage layer.
This does not only results in higher operating voltages, thus offsetting the benefits of the
thinner tunnel oxide, but also removes an important design parameter (the coupling ratio)

3



typically used to optimize the performance and reliability tradeoff. Unlike volume distributed
charge traps (ex: nitride in SONOS NVM device, nanocrystals be deposited in a
two-dimensional 2-D) layer at a fixed distance from the channel separated by a thin tunnel
oxide. By limiting nanocrystals deposition to just one layer and adjusting the thickness of the
top blocking dielectric, charge leakages to the control gate from the storage nodes can be

effectively prevented.

1.3 Motivation

The Semiconductor Industry Association (SIA) International Technology Roadmap for
Semiconductors (ITRS) indicates the difficult challenge, beyond the year 2005, for
nonvolatile semiconductor memories is to achieve reliable, low-power, low-voltage
performance [26]. For NVM, two limitations encountered at the present time are: (1) the
limited potential for continued scaling of the device structure. This scaling limitation stems
from the extreme requirements put on.the-tunnel oxide layer. In order to get balance between
program/erase speed and retention time,.there is a trade-off between speed and reliability to
get the optimal tunnel oxide thickness. (2) the quality and strength of tunnel oxide (or tunnel
dielectric) after plenty of program/erase cycles. Once a leaky path has been created in tunnel
oxide, all the charges stored in the floating gate will be lost. Therefore, two suggestions, the
SONOS and the nanocrystal non-volatile memory devices, are proposed to overcome this
oxide quality limit of the conventional floating gate structure. These technologies replace the
floating gate structure with a great number of charge storage nodes in the dielectric or in the
nanocrystal. Unlike the floating gate, the local leaky path will not cause the fatal loss of
information for the nanocrystal NVM device. This effectively prevents the leakage of all the
stored charges out of the floating gate. In this thesis, a combination of SONOS and
nanocrystal NVM devices is proposed. Embedded Si-NCs in SizsN, film is introduced to
replace the nitride film in SONOS structure. After thermal processes, thin amorphous silicon
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nucleation in the SisN4 film will assemble to form Si-NCs embedded in the SizN4 film.
Because there are two charge-storage node sources, the nodes in Si-NCs and in SizNg4
dielectric film, comparing to SONOS and Si-NCs NVM device, a deep trap can be obtained.
It is easier to meet the requirement of retention of 10 years. And, hope to solve the two

limitations mentioned above.

1.4 Organization of This Thesis

The organization of this thesis is separated into four chapters.

In Chapter 1, A brief introduction are introduced.

In Chapter 2, we introduced the capacitance fabrication, and experimental measurement.

In Chapter 3, we demonstrated a SONOS memory with Si-NCs trapping layer. We will
show the basic characteristics of the Si-NCs SONOS memory and compare the capacitance
performance with various tunnel-oxide film thickness and quality, including program window,
data retention. We will discuss the influence.of different tunnel oxide.

In Chapter 4, the conclusion 1s given.
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Table 1-1 Operation bias conditions of a NROM cell.

Program Erase Read
V, 11V 3V 25V
Bit 1 A\ 5V 8V oV
Vs ov oV >1.5V
—_— mm  _ e
V, 11V 3V 25V
Bit 2 Va 5V 8V ov
Vs oV oV >1.5V
SiOb

nanocrystal

Fig. 1-3 The device structure of nanocrystal non-volatile memory.




Chapter 2
Experiment Procedures
and Electric Characteristic of Capacitor

2.1 Capacitor Fabrication

The schematic diagram of the fabrication process is illustrated in Fig.2-1.Three different
types of tunnel oxide are grown on p-type (100) silicon substrates after RCA cleaning. (1)
3-nm thick SiO; film was thermally grown in dry N,O atmosphere by horizontal-furnace. (2)
2.5-nm thick SiO, film was thermally grown in dry N,O atmosphere by vertical-furnace. (3)
2.5-nm thick SiO; film was thermally grown in dry O, atmosphere by vertical-furnace. Then,
a 3-nm thick silicon nitride films was deposited as the trapping layer in a LPCVD system
using SiH,Cl, and NHzas source for 30 and-130 scem, respectively. Si-NCs were formed on
the 3-nm thick silicon nitride films ‘immediately by LPCVD for 2-min and 1-min and 30-sec.
The deposition of amorphous silicon nucleation was kept at 550°C and the pressure was
controlled at 100-mTorr. The flow rate of the reaction gas of SiH; was 85-sccm. Then, the
silicon nitride capped on the Si-NCs was 4-nm. During this high temperature period, the
previously deposited thin amorphous silicon nucleation was crystallized and then formed into
poly-Si nanocrystals, which were embedded in silicon nitride films as show in Fig. 2-2. The
formation of Si-NCs was confirmed by atomic force microscopy (AFM) as shown in Fig’s.2-3
(a)-(c). We estimated size and density of Si-NCs_1m30s and Si-NCs_2min sample in Table
2-1. A blocking oxide about 20-nm was then deposited using high density plasma chemical
vapor deposition (HDPCVD) oxide. A 200-nm thick poly-Si was deposited to serve as the
gate electrode by LPCVD. Subsequently, the n* poly-Si gate was formed by phosphorous ion
implanted at 40-keV to a dose of 5x10™ cm™ Also, the sample without Si-NCs was

fabricated as a control sample.



After phosphorous implantation, activation was formed at 900°C for 30 minutes. Then,
the poly-Si gate electrode and the Si-NCs trapping layer with blocking oxide were etched by
poly-Si dry etcher (TCP- 9400) and the oxide dry etcher (TEL-5000). The capacitance with

Si-NCs memory was made.

2.2 Typical Program Window Parameter Extraction

In this section, the methodology of extracting typical parameters, such as program
window from device characteristics, are briefly introduced. Plenty ways are used to
determinate the program window which is the most important parameter of memory devices.
The method to determinate the program window in my thesis is the constant capacitance
method that the voltage at a specific gate voltage Vg is taken as the program window. This
technique is easy and can give .aiprogram. window close to that obtained by the
capacitance-voltage hysteresis method. ‘Typically, the program window Vs = Veg'-Ves
where Vg is a normalized flat-band voltage: Here, Vgg’ is the flat-band voltage after program

condition for all capacitance to extract the program'window of Si-NCs memory.

2.3 Measurement Equipment Setup

The experimental setup of for the 1-V and threshold voltage characteristics measurement
of the SONOS is illustrated in Fig.2-4. As shown Fig.2-4, the characterization apparatus with
semiconductor characterization system (KEITHLEY 4200), one channel pulse generator
(Agilent 81110A), low leakage switch mainframe (KEITHLEY 708A), and a probe station
provide an adequate capability for measuring the device I-V characteristics and executing the

SONOS memory cell program/erase operation.

The KEITHLEY 4200 equipped with programmable source-monitor units (SMU) and
provides a high current resolution to pico-ampere range facilitates the gate current

measurement, subthreshold characteristics extraction, and the saturation drain current



measurement. The one channel Agilent 81110A with high timing resolution provides one
pulse level for transient and P/E cycling endurance characterization. Another pulse level is
provided by KEITHLEY 4200. The KEITHLEY 708A configured a 10-inputx12-output
switching matrix, switches the signals from the KEITHLEY 4200 and the Agilent 81110A to
device under test in probe station, automatically. In addition, the C*™ is used as the program

language to achieve the KEITHLEY 4200 control of these measurement instruments [27].

2.4 Characteristic of Program/Erase

2.4.1 Program Mechanism

Fowler-Nordheim tunneling is a field-assisted carrier tunneling mechanism [28],
when a large positive voltage is applied across a poly-ONO-substrate structure, its band
structure will be influenced as indicated in Fig.2-5:.Due to high electrical field, electrons
in the Si conduction band as triangular energy.barrier-with a width dependent on applied
electric field. At sufficient high-fields, the width of barrier becomes small enough to
tunnel through the barrier from the Si cenduction band into Si-NCs electron trap center or
nitride trap layer.

Fig.2-6 shows program window characteristic of different samples. The program
window of control, Si-NCs_1m30s and Si-NCs_2min are about 3.58-V, 6.25-V and
8.98-V, respectively. Summary for program window of different sample when program
voltage V=25-V and 10-sec program time in Table 2-2. The program window of Si-NCs
is larger for control sample. And the larger Si-NCs size has more trapping sites for large
memory window. Fig’s.2-7 (a)-(c) exhibit program window characteristic of different
samples when program voltage was set at 15-V, 20-V and 25-V and stressed for 1-sec,
5-sec and 10-sec, respectively. The tunnel oxide is dry N,O 3-nm by horizontal-furnace.
Fig’s. 2-8 (a)-(c) show program window characteristic of different samples when program

voltage was set at 15-V, 20-V and 25-V and stressed for 1-sec, 5-sec and 10-sec,
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respectively. The tunnel oxide is dry N,O 2.5-nm by vertical-furnace. And Fig’s. 2-9
(a)-(c) exhibit program window characteristic of different samples when program voltage
was set at 15-V, 20-V and 25-V and stressed for 1-sec, 5-sec and 10-sec, respectively.
The tunnel oxide is dry O, 2.5-nm by vertical-furnace. Summary for program window of
different sample when program voltage 15-V, 20-V and 25-V and stress 1-sec, 5-sec and
10-sec, respectively. The program window of Si-NCs is larger for control sample. The
tunnel oxide is dry N,O 3-nm by horizontal-furnace.

2.4.2 Erase Mechanism

Fig. 2-10 exhibit erase characteristic of different negative gate bias. The gate bias V=
-15-V, t=10-sec,can be erased /\Vgg shift about -0.5-V. But, when the gate bias increasing
-20-V, t=1-sec, because gate injection effect be programmed A\ Veg shift about 0.8-V.
Fowler-Nordheim tunneling is a field-assisted catrier tunneling mechanism, when a large
negative voltage is applied across a.poly-ONO-substrate structure, its band structure will be
influenced as indicated in Fig.2-11.

Because the capacitor can only be programmed/ erased by Fowler-Nordheim tunneling
mechanism, the quality of blocking oxide is important for this high field stressing. We found
that the quality of our blocking oxide is not so good, causing electron injection into oxide
which makes the erasing not so easy. To look for some other material or better quality
blocking oxides is necessary. Using high-k material (Al,O3, HfO, ...etc) or HTO to replace
already existed blocking oxide and using p* poly-Si gate or larger work function metal gate

would to replace n* poly-Si gate be helpful[29-32].

2.5 Characteristic of Retention

2.5.1 Characteristic of Retention for Different Temperature

Data retention is an important reliability issue of SONOS memories. In general,

retention capability of SONOS memories has to be checked by using accelerated test that
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usually adopts high electric fields and high temperature [33]. In this section, we will discuss
data retention of capactior after programming with different temperature. In general, the flash
memory cells are required for a long 100,000 seconds. Timing is known to cause fairly
uniform wear-out of cell performance due to the oxide damage.

Fig’s. 2-12 (a)-(c) show retention characteristic of different temperature for A\
Veg=2-V. The tunnel oxide of 3-nm was grown in dry N,O by horizontal-furnace. Fig’s. 2-13
(a)-(c) exhibit retention characteristic of different temperature for /A\Vgg=2-V. The tunnel
oxide of 2.5-nm was grown in dry N,O by vertical-furnace. Fig’s. 2-14 (a)-(c) show retention
characteristic of different temperature for A\ Vrg=2-V. The tunnel oxide of 2.5-nm was grown
in dry O, by vertical-furnace. We can clearly see that the memory window narrows to about
2-V after 10* seconds for all samples.

2.5.2 Characteristic of Retention for Different Si-NCs Sizes

In this section, we will discuss data retention-for capactior after programming with
different Si-NCs sizes. In general, the.flash_-memory cells are required to keep the charge for
10 seconds. Timing is known to cause:fairly uniform wear-out of cell performance due to the
oxide damage.

Fig’s. 2-15 (a)-(c) show retention characteristic of different Si-NCs sizes for A Vgg=2-V.
The tunnel oxide of 3-nm was grown in dry N,O by horizontal-furnace. Fig’s. 2-16 (a)-(c)
exhibit retention characteristic of different Si-NCs sizes for /A Veg=2-V. The tunnel oxide of
2.5-nm was grown in dry N,O by vertical-furnace. Fig’s. 2-17 (a)-(c) show retention
characteristic of different Si-NCs sizes for AVeg=2-V. The tunnel oxide of 2.5-nm was
grown dry O by vertical-furnace. The memory window narrows to about 2-V after 10*
seconds for all samples. We can clearly see that the best data retention is Si-NCs_1-min and
30-s sample.

2.5.3 Characteristic of Retention for Different Tunnel Oxide

In this section, we will discuss data retention for capactior after programming with
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different tunnel oxide. In general, the flash memory cells are required to keep the charge for
10* seconds. Timing is known to cause fairly uniform wear-out of cell performance due to the
oxide damage.

Fig’s. 2-18 (a)-(c) show retention characteristic of different tunnel oxide thickness for
AVeg=2-V at T=25°C. Fig’s. 2-19 (a)-(c) exhibit retention characteristic of different tunnel
oxide thickness for AVeg=2-V at T=85°C. Fig’s. 2-20 (a)-(c) show retention characteristic of
different tunnel oxide thickness for /A Vgg=2-V at T=150°C. The memory window narrows to
about 2-V after 10* seconds for all samples. It is clearly to see that the best data retention is

tunnel oxide for dry N,O 3-nm by horizontal-furnace.

2.6 Summary

For the program window, Si-NCs_has.more trapping sites than SONOS memory. The
program window of Si-NCs is larger for control:sample. And the larger Si-NCs size has more
trapping sites similar to floating gate for large'memory:window.

For the data retention, thermionic emission, direct tunneling and trap-to-trap tunneling,
in relating to the data loss, are the three dominant leakage components [34-35]. The reduction
of the programmed flat band voltage is due to trap generation in the oxide and also interface
state generation between tunnel oxide and channel interface, which are usually called electron
degradations. In our capacitor, the Si-NCs memory window still maintains quite about 2-V
even through stressed for 10* seconds.

At temperature T=25°C and T=85°C, all cases presented good retention characteristics
but charge loss is serious for control sample than Si-NCs of capacitor sample at high
temperature. This also shows that the trapping capability of Si-NCs trapping layer is very
excellent. On the other hand, we observed larger charge loss percentage for ten years when
using accelerated test at temperature T=150°C. This charge loss is due to the poor quality of

tunnel oxide which results in many leakage current paths.
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For different tunnel oxides, all cases presented good retention characteristics but charge
loss is serious for tunnel oxide by dry O, 2.5-nm than N,O 2.5-nm and 3-nm sample. This
also shows that the quality of tunnel oxide of 3-nm grown by dry N,O is very excellent. On
the other hand, we observed larger charge loss percentage for ten years when using
accelerated test for tunnel oxide of 2.5-nm grown in dry O, sample. Based on the above result,
we know the quality of dry N,O 3-nm by horizontal-furnace is better than that of dry O,

2.5-nm by vertical-furnace [36-37].
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Si-NCs Si0;

Fig. 2-1 Structure of Si-NCs SONOS memory. During the nitride deposition step,
the Si-NCs trapping layer was crystallized and Si-NCs embedded in SizN4 were
formed.
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Fig. 2-2 Si-NCs formation. _?Uring the 4-nm nitride deposition step, the a-Si
nucleation convert to poly-Si-NCs and Si-NCs embedded in SisN, were formed.
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(b) Si-NC s_-l m30s

(c)
Fig. 2-3 AFM pictures of Si nanocrystals deposited on SizN4 (a) control sample (b)
Si-NCs_1m30s sample and (c) Si-NCs_2min sample, with the same growth
conditions. The densities are, respectively, 6.7x10*" and 3x10™ cm? The diameters

are about, respectively, 8 and 10 nm.
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Table 2-1 Size and density of Si-NCs_1m30s and Si-NCs_2min sample.

:m. Size( nm) Density( 1/cm?)

Si-NCs_1m30s ~8 6x10%!

Si-NCs_2min ~10 3x10!

Probe Station

Agilent 81110 A
Pulse Generator

Ooooo ° ¢

1

Colpg P Q
KEITHLEY 708 A
Switching Syvstem

KEITHLEY 4200

o0 0
Agien: $11104

i

Semiconductor
Characterization System

4200
i+]

o

Fig. 2-4 The experimental setup for the transfer characteristic and program/erase
characteristic of SONOS with Si nanocrystals memory.
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Fig. 2-5 Positive gate voltage applied when use Fowler-Nordheim tunneling to
program. Energy band representation of Fowler-Nordheim tunneling. Electron in Si
conduction band tunnel through the triangular .energy barrier.
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Fig. 2-6 Program window characteristic of different sample. The program window
of control, Si-NCs_1m30s and Si-NCs_2min sample are about 3.58V, 6.25V and
8.98V, respectively.
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Table 2-2 Summary for program window of different sample when program voltage
Vs=25-V and program time 10-sec. The program window of Si-NCs is larger for
control sample. And the larger Si-NCs size has more trapping sites for large memory

window.

sample Control

Si-NCs_1m30s

Si-NCs_2min

Program Window (V) 3.58

6.25

8.98

Program Window
g | Tunnel Oxide_N,O 3nm
Control Sample
. —e— lsec
> 8 ——— Bsec
E ——o—— 10sec
S 4t
o0 P 4
LL -
> _
2 //// /”"_"__‘h
——— —1
0
15 20 25

Program Voltage (V)

(@)
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Fig. 2-7 Program window characteristic of different sample when program voltage
15, 20 and 25V stress 1sec, 5sec and 10sec, respectively. (a) control sample, (b)
Si-NCs_2min sample and (c) Si-NCs_1m30s sample. The tunnel oxide is dry N,O
3nm by horizontal-furnace.
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Fig. 2-8 Program window charagcteristic.of, different sample when program voltage
15, 20 and 25V stress 1sec, 5sec and 10sec; respectively. (a) control sample, (b)

Si-NCs_2min sample and (c) Si-NCs_11m30s sample. The tunnel oxide is dry N,O
2.5nm by vertical-furnace.
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Fig. 2-9 Program window characteristic of different sample when program voltage
15, 20 and 25V stress 1sec, 5sec and 10sec, respectively. (a) control sample, (b)
Si-NCs_2min sample and (c) Si-NCs_1m30s sample. The tunnel oxide is dry O,
2.5nm by vertical-furnace.



Table 2-3 Summary for program window of different sample when program voltage 15, 20
and 25V and stress 1sec, 5sec and 10sec, respectively. The program window of Si-NCs is
larger for control sample. The tunnel oxide is dry N,O 3nm by horizontal-furnace.

Program Window_N,O 3nm
Vg =15V Vg =20V Vg =25V
t=1sec | t=5sec | t=10sec | t=1sec | t=5sec | t=10sec | t=1sec | t=5sec | t=10sec
control 0.15 0.33 0.48 0.84 1.43 1.59 1.14 2.18 3.58
Si-NCs_1m30s | 0.07 | 0.21 0.34 0.67 1.87 2.84 157 | 5.25 6.25
Si-NCs_2min 0.33 1.09 1.32 2.09 2.14 2.96 2.83 6.1 8.98
22 — e fresh
Gate Injection resh state
20 & —e—

C (pF)

Ve (V)
Fig. 2-10 Erase characteristic of different negative gate bias. The gate bias Vg=-15V,
t=10sec,can be erased /\Vgg shift about -0.5V. Because gate injection effect, when
the gate bias Vs=-20V, t=1sec, be programmed /\Vgg shift about 0.8V.

25

program state
VG: -15V,t=10sec

VG= -20V,t=1sec



Poly-Si

//
/11 / |

Si0;

mn

//

\ sincs ] |\
Siz;Ny
\ Si

SiO,

Fig. 2-11 Negative gate voltage applied when.use Fowler-Nordheim tunneling to
erase. Energy band representation: of Fowler-Nordheim tunneling. Electron in
Si-NCs trapping layer and poly-Si gate:are‘tunnel through the energy barrier.
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Fig. 2-12 Data retention characteristic of different temperature for /A Vgg=2V. The
tunnel oxide is dry N,O 3nm by horizontal-furnace. (a) control sample, (b)
Si-NCs_2min sample and (c) Si-NCs_1m30s sample.

27



AV, shift (V)

AV, shift (V)

O.OOL\;

\\ —_———
\\\ ‘.ﬁ\
-0.05 | \\\ Y
\\
~
-0.10 | S~
Retention AN
015 _ Different Temperture * .
Tunnel Oxide N,O 2.5nm
020} Control Sample A
—e— 25°C
-0.25 | ——+— 85°C
——— 150°C
-0.30 - - -
100 10t 102 103 104
Time ('sec)
(a)

“““““ *>—
o0s | —e Ty
-0.10 |
Retention
015 | Different Temperture
Tunnel Oxide N,O 2.5nm

-0.20 | Si-NCs_2min

—e— 25°C
-0.25 | ——a— 85°C

——— 150°C
-0.30 : : :

10° 10 10° 10°
Time (sec)
(b)

28

104



0,00 $— S—
“““““ T
-0.05 | M S E
> 010} _
£ Retention
£ 45| Different Temperture
m | Tunnel Oxide N,O 2.5nm
| Si-NCs_1m30s
—e— 25°C
-0.25 | —-+— 85°C
——— 150°C
-0.30 : - :
10° 10! 10 10° 10
Time (sec)
(c)

Fig. 2-13 Data retention characteristic of different temperature for AVeg=2V. The
tunnel oxide is dry N,O 2:5nm by -vertical-furnace. (a) control sample, (b)
Si-NCs_2min sample and (c) SI-NCs_1m30s sample.
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Fig. 2-14 Data retention characteristic of different temperature for /A Vgg=2V. The
tunnel oxide is dry O, 2.5nm by vertical-furnace. (a) control sample, (b)
Si-NCs_2min sample and (c) Si-NCs_1m30s sample.
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Fig. 2-15 Data retention characteristic, of .different sample for AVgg=2V. The
tunnel oxide is dry N,O 3nm by horizontal-furnace: (a) At 25°C, (b) At 85°C and (c)
At 150°C.
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Fig. 2-16 Data retention characteristic of different sample for AVgs=2V. The
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Fig. 2-19 Data retention characteristic of different tunnel oxide film for AVgg=2V
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sample.
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Chapter 3
Experiment Procedures
and Electric Characteristic of Device

3.1 Device Fabrication

The schematic diagram of the fabrication process is illustrated in Fig.3-1.Three different
types of tunnel oxide are grown on p-type (100) silicon substrates after RCA cleaning. (1)
3-nm thick SiO; film was thermally grown in dry N,O atmosphere by horizontal-furnace. (2)
2.5-nm thick SiO, film was thermally grown in dry N,O atmosphere by vertical-furnace. (3)
2.5-nm thick SiO, film was thermally grown in‘dry O, atmosphere by vertical-furnace. Then,
a 3-nm thick silicon nitride films was deposited as the trapping layer in a LPCVD system
using SiH,Cl, and NHzas source for 30-and 130 sccm, respectively. Si-NCs were formed on
the silicon nitride films immediately. by LPCVD" for 2-min and 1-min and 30-sec. The
deposition of amorphous silicon nucleation were kept at 550°C and the pressure was
controlled at 100-mTorr. The flow rate of the reaction gas of SiHs was 85-sccm. Then, the
silicon nitride capped on the amorphous silicon nucleation was 4-nm. During this high
temperature period, the previously deposited amorphous silicon nucleation was crystallized
and then formed into poly-Si nanocrystals,, which were embedded in silicon nitride films. A
blocking oxide about 20-nm was then deposited using high density plasma chemical vapor
deposition (HDPCVD) oxide. A 200-nm thick poly-Si was deposited to serve as the gate
electrode by LPCVD. Subsequently, the n* poly-Si gate was formed by ion implantation of
phosphorous at 40-keV to a dose of 5x10™ cm™. The sample without Si-NCs was fabricated
as a control sample.

Then, the poly-Si gate electrode and the Si-NCs trapping layer with blocking oxide were
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etched by poly-Si dry etcher (TCP- 9400) and the oxide dry etcher (TEL-5000). The wafers
were ion implanted by arsenic. The energy and the dose of implantation were 15-keV to dose
5x10™ cm for source and drain.

Substrate etching and substrate implantation were executed continuously. Rapid thermal
annealing (RTA) was formed at 1000°C for 5 seconds. The passivation layer was employed by
TEOS at 600°C for 400-nm. After contact etching, four-level metallization (Ti/ TiN / Al / TiN)

were carried out in PVD system. The SONOS with Si-NCs memory was made.

3.2 Typical Threshold Voltage Parameter Extraction

In this section, the methodology of extracting typical parameters, such as threshold
voltage from device characteristics, are briefly introduced. Plenty ways are used to
determinate the threshold voltage which is the ‘maost important parameter of semiconductor
devices. The method to determinate.the threshold voltage in my thesis is the constant drain
current method that the voltage at a specific drain current oy is taken as the threshold voltage.
This technique is easy and can give‘a thresholdwoltage close to that obtained by the complex
linear extrapolation method. Typically, the threshold current loy = Ipn/ (W / L) where Ipyis a
normalized drain current. Here, Ipnis 100 nA and the same for all devices to extract the

threshold voltage of SONOS memory.

3.3 Characteristic of Program/Erase

In this section, we will discuss the program/erase injection mechanism. In this thesis, the
programming scheme is executed by using Fowler-Nordheim tunneling and channel hot
electron to injection charge into the Si-NCs trapping layer. On the other hand, the erasing
scheme is executed by using Band-to-Band hot holes injection [38] to combine negative
charge in the trapping layer. The injection components and efficiency for different gate or

drain bias and program time conditions on different size Si-NCs trapping layer device will be
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discussed.

3.3.1 Program Speed

The Fowler-Nordheim tunneling hot electrons injection was employed for programming
mode. Fig. 3-2 shows the transfer characteristic of fresh state and program state for
Si-NCs_1m30s sample. We clearly observed that memory window is quite large. Applying
Vs=20-V, a memory window about 2-V can be easily achieved for Si-NCs_1m30s sample,
when program time is 1sec.The leakage current of Si-NCs_1m30s sample is low about 102A.

Fig’s. 3-3 (a)-(b) exhibits program speed characteristic for different samples, when we
applying gate voltage bias at 20-V. We can see that the programming time when time reaching
0.1s if the windows margin is set about 1.5-V for two cases of control sample and
Si-NCs_1m30s sample. The tunnel oxide of 3-nm was grown in dry N,O by
horizontal-furnace. For the same gate voltage bias; that different tunnel oxide film is increased
does obviously improve program speed. Summary for program window of different tunnel
oxide film when V=20-V and stress 1-sec. . The program window of Si-NCs_1m30s is larger
for control sample in Table 3-1.

The channel hot electron injection was employed for programming mode. Fig’s. 3-4
(a@)-(c) exhibits program speed characteristic for different programming conditions. We
changed drain voltage bias and gate voltage bias with 5-V, 6-V and 7-V to measure program
speed. We can see that the programming time can be as short as 10-us if the windows margin
is set about 1-V with Vs=6-V, Vp=6-V. For all cases, we use three kind of drain voltage bias
for strong and weak drain avalanche. It can be clearly seen that larger drain bias induced
strong drain avalanche makes faster program speed. On the other hand, we use three kind of
the gate bias for strong and weak vertical field to hot electrons for injected into the trapping
layer so the influence of increased gate voltage is conspicuous. According to all of the above,
we can clearly observe that channel hot electron injection can improve injection efficiency
and get faster program speed.
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3.3.2 Erase Speed

Fig’s. 3-5 (a)-(c) shows erase speed characteristic for different erasing conditions. We
changed gate voltage bias with -8-V, -9-V and -10V to measure erase speed for fixed 7-V
drain voltage bias. We can see that erasing time can be as short as ps in order to combine
negative charge in the trapping layer. The increased gate bias does not obviously accelerate
erase speed. The erase speed of different gate bias is almost the same. Fig’s. 3-6 (a)-(c)
exhibits erase speed characteristic when we changed drain voltage bias with 6-V, 7-V and 8-V
to measure erase speed for fixed -9-V gate voltage bias.

In conclusion, show summary for erase V1 shift of 1s erase time, and compared at fixed
Vs=-9-V for all cases of different V. The gate bias supplies only a vertical field to collect hot
holes for combined negative charge in the trapping layer so the influence of increased gate
voltage is not obvious. On the otherhand, for all'cases, we use three kind of drain voltage bias
for strong and weak impact ionization at depletion of drain-side. It can be clearly seen that
larger drain bias induced strong impact-ionization makes faster erase speed. According to all
of the above, we can clearly observe that SONOS memory with Si-NCs trapping layer has

very higher hot holes injection efficiency and faster erase speed.

3.4 Characteristic of Retention

3.4.1 Characteristic of Retention for Different Temperature

Data retention is an important reliability issue of SONOS memories. In general,
retention device of SONOS memories has to be checked by using accelerated test that usually
adopts high electric fields and high temperature [33]. In this section, we will discuss data
retention for device after programming with different temperature. The flash memory cells are
required the charge for 100,000 seconds to be kept. Timing is known to cause fairly uniform
wear-out of cell performance due to the oxide damage.

Fig’s. 3-7 (a)-(c) show retention characteristic of different temperature for AVi=2-V.
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The tunnel oxide of 3-nm was grown in dry N,O by horizontal-furnace. Fig’s. 3-8 (a)-(c)
exhibit retention characteristic of different temperature for AV=2-V. The tunnel oxide of
2.5-nm was grown in dry N,O by vertical-furnace. And Fig’s. 3-9 (a)-(c) show retention
characteristic of different temperature for /\V=2-V. The tunnel oxide of 2.5-nm was grown
in dry O, by vertical-furnace. We can clearly see that the memory window narrows to about
1.8-V after 10* seconds for all samples. But there is worse retention at the high temperature.

3.4.2 Characteristic of Retention for Different Si-NCs Sizes

In this section, we will discuss data retention for device after programming with
different Si-NCs sizes. In general, the flash memory cells are required to keep the charge for
100,000 seconds. Timing is known to cause fairly uniform wear-out of cell performance due
to the oxide damage.

Fig’s. 3-10 (a)-(c) show retention characteristic of different Si-NCs sizes for AV=2-V
at different temperature. The- tunnel" oxide of 3-nm was grown in dry N,O by
horizontal-furnace. Fig’s. 3-11 (&)-(c) exhibit retention characteristic of different Si-NCs sizes
for A\V=2-V at different temperature:-The tunnel oxide of 2.5-nm was grown in dry N,O by
vertical-furnace. And Fig’s. 3-12 (a)-(c) show retention characteristic of different Si-NCs sizes
for AV=2-V at different temperature. The tunnel oxide of 2.5-nm was grown dry O, by
vertical-furnace. The memory window narrows to about 2-V after 10* seconds for all samples.
We can clearly see that the best data retention is Si-NCs_1-min and 30-s sample at each
temperature.

3.4.3 Characteristic of Retention for Different Tunnel Oxide

In this section, we will discuss data retention for device after programming with
different tunnel oxide. In general, the flash memory cells are required to keep the charge for
100,000 seconds. Timing is known to cause fairly uniform wear-out of cell performance due
to the oxide damage.

Fig’s. 3-13 (a)-(c) show retention characteristic of different tunnel oxide thickness for
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AV=2-V at T=25°C. Fig’s. 3-14 (a)-(c) exhibit retention characteristic of different tunnel
oxide thickness for A V=2-V at T=150°C. And Fig’s. 3-15 (a)-(c) show retention
characteristic of different tunnel oxide thickness for AV=2-V at T=250°C. The memory
window narrows to about 2-V after 10* seconds for all samples. We can clearly see that the
best data retention is tunnel oxide of 3-nm in dry N,O by horizontal-furnace. This charge loss
is due to the poor quality of tunnel oxide which results in many leakage current path.

3.4.4 Characteristic of Retention for Different Program Window

In this section, we will discuss data retention for device after programming with
different program window. The flash memory cells are required the charge for 100,000
seconds to be kept. Timing is known to cause fairly uniform wear-out of cell performance due
to the oxide damage.

Fig’s. 3-16 (a)-(c) show retention characteristic of different program window at T=25°C.
The tunnel oxide of 3-nm was grown in dry.N,O by horizontal-furnace. Fig’s. 3-17(a)-(c)
exhibit retention characteristic of different program window at T=150°C. The tunnel oxide of
3-nm was grown in dry N,O by horizental-furnace. And Fig’s. 3-18 (a)-(c) show retention
characteristic of different program window at T=250°C. The tunnel oxide of 3-nm was grown
in dry N,O by horizontal-furnace. The memory window narrows to about A\V=1.5-V after
ten years for all samples. We observed larger charge loss percentage for ten years when using

accelerated test at the high state.

3.5 Characteristics of Disturbance

The first failure phenomenon, called program disturbance, often takes place under the
electric stress applied to those neighboring un-programmed cells during programming a
specific cell in the array. Two types of program disturbance, gate (word-line) disturbance and
drain (bit-line) disturbance need be considered. The schematic circuitry of the memory array

is shown in Fig. 3-19. During programming cell A, gate disturbance occurs in the cell B and
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the same for those cells connected with the same with word-line because the gate stress is
applied to the same word-line. This is called gate disturbance. During programming cell A,
drain disturbance occurs in the cell C and the same for those cells connected with the same
with bit-line because the drain stress is applied to the same bit-line. This is called drain
disturbance. For the cell reading, the unwanted electron injection would happen while the
word-line voltage and bit-line voltage are under read operation. This phenomenon would
result in a significant threshold voltage of the selected cell. This is called read disturbance
[39].

Fig. 3-20 shows programming gate disturbance characteristic of device with Vg=6-V for
control, Si-NCs_1m30s and Si-NCs_2min, respectively. The V; shift of gate disturbance is
lower than 0.1-V for 1000s stress with Vg=6-V. And Fig. 3-21 exhibits programming gate
disturbance characteristic of device with Vg=8-V for control, Si-NCs_1m30s and
Si-NCs_2min, respectively. The M shift of gate disturbance can also be controlled lower than
0.4V for 1000s stress with Vs=8-V. /After_gate electrical stress applied for a long time, it
resulted in threshold voltage arising.-We.proposed-due to bad quality of blocking oxide result
in the electrons gate injection.

And Fig. 3-22 shows drain disturbance characteristic of device with VVp=6-V for control,
Si-NCs_1m30s and Si-NCs_2min, respectively. The Vt shift of drain disturbance is lower than
0.04-V at the worse condition of 1000sec stress. Fig. 3-23 exhibits drain disturbance
characteristic of device with Vp=7-V for control, Si-NCs_1m30s and Si-NCs_2min,
respectively. The Vt shift of drain disturbance is lower than 0.1-V at the worse condition of
1000sec stress. After drain electrical stress applied a long time, it resulted in a increase of
threshold voltage. It might be due to two factors: The first is due to poor quality of blocking
and tunnel oxide result in the gate injection. The other is due to that drain electrical stress
applied along long time resulted in the traps and interface states generated at drain-side, and
sub-threshold swing became larger.

46



P-Well Formation

LOCOS Formation

Gate Oxide Formation

1. Dry N,O Oxide 3nm by Horizontal-Furnace
2. Dry Oxide 2.5nm by Vertical Furnace
a.N,O
b.0,

Trapping Layer Formation:

1. Nitride: 3nm at 780°C
2.a-Si: 2min/1m30s at550°C
3. Nitride : 4nm at 780°C

HDPCVD Oxide 20nm as Blocking Oxide

. TaN TN IN TN N BN
— Deposited Poly-Si 200nm as Gate Layer
SENGe and n* implantation

Gate Pattern Defined

Source/Drain was implanted As and Dopant
Activation

47



Fig. 3-1 Process flows of Si-NCs SONOS memory. After dopant activation,
deposited 400nm passivation oxide, and metallization, we had finished device
fabrication. During the nitride deposition step, the Si-NCs trapping layer was
crystallized and Si-NCs embedded in SizN4 were formed.
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Table 3-1 Summary for program window of different tunnel oxide film when
V=20V and stress 1sec. The program window of Si-NCs_1m30s is larger for
control sample.

Program Window for 1s at V=20V

N,O 3nm N,O 2.5nm O, 2.5nm
Control | Si-NCs_1m30s | Control | Si-NCs_1m30s | Control | Si-NCs_1m30s
Program | 285 5.8 7.64 5 5.7
Window
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Fig. 3-7 Data retention characteristic of different sample for AV=2V. (a) control
sample, (b) Si-NCs_2min sample and (c) Si-NCs_1m30s sample. The tunnel oxide
is dry N2O 3nm by horizontal-furnace.
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Fig. 3-9 Data retention characteristic of different sample for AV=2V. (a) control

sample, (b) Si-NCs_2min sample and (c) Si-NCs_1m30s sample. The tunnel oxide
is dry O, 2.5nm by vertical-furnace.
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Fig. 3-10 Data retention characteristic_of different temperature for dry N,O 3nm by
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and (c) At T=250C.
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Fig. 3-11 Data retention characteristic of different temperature for dry N2O 2.5nm by
vertical-furnace when programming AVt=2V. (a) At T=25C, (b) At T=150C and
(c) At T=250C.
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Fig. 3-13 Data retention characteristic of different sample for different tunnel oxide
film when programming AVt=2V at T=25C. (a) control sample, (b) Si-NCs_2min
sample and (c) Si-NCs_1m30s sample.
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Fig. 3-14 Data retention characteristic_of different sample for different tunnel oxide
film when programming- /A Vt=2V: at.\T=150 ‘C . (a) control sample, (b)
Si-NCs_2min sample and (¢) Si-NCs_1m30s sample.

AV, shift (V)

-04 |

-06

~~ - \
Different Tunnel Oxide Thickness *
Control Sample

Program AV, : 2V

Retention@250°C

—— NZO 3nm
NZO 2.5nm
-—+-- 0O, 2.5nm

—_— A —

-0.8
100

10t 102 103

Time (sec)

(@)

67

104



Retention@250°C
Different Tunnel Oxide Thickness
04T Si-NCs_2min
Program AV, : 2V
— NZO 3nm

AV, shift (V)

06
——+— N,025nm
——+-— 0O, 25nm
-08 : : '
10° 10 102 103 104
Time (sec)
(b)
0 OF‘\‘st — —
Tt To— ~j:ﬂ\'\-
sssss ’. 51? ‘ \‘
— 02} \.\‘4:
> Retention@250°C
E Different Tunnel Oxide Thickness
S 04l Si-NCs_1ma30s
31 Program AV, : 2V
—e— N,O3nm
08y —4— N,025nm
--+-—- 0O, 2.5nm
-0.8 : : '
100 10t 102 103 104
Time (sec)
(c)

Fig. 3-15 Data retention characteristic of different sample for different tunnel oxide
film when programming A\ Vt=2V at T=250 °C . (a) control sample, (b)
Si-NCs_2min sample and (c) Si-NCs_1m30s sample.
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Fig. 3-16 Data retention characteristic of high'state and low state for dry N,O 3nm
by horizontal-furnace at T=25°C. (a) control sample, (b) Si-NCs_2min sample and
(c) Si-NCs_1m30s sample.
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Fig. 3-17 Data retention characteristic of high state and low state for dry N,O 3nm
by horizontal-furnace at T=150°C. (a) control sample, (b) Si-NCs_2min sample and
(c) Si-NCs_1m30s sample.
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Fig. 3-18 Data retention characteristic_of high state and low state for dry N,O 3nm
by horizontal-furnace at T=250°C . (a) cantrol sample, (b) Si-NCs_2min sample and

(c) Si-NCs_1m30s sample.
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Fig. 3-20 Programming gate disturbance characteristic of different sample at V=6V.
This gate length and width are 0.4umrand, 10um. The tunnel oxide is dry O, 2.5nm
by vertical-furnace. The Vt shift of gate disturbance is lower than 0.1V for 1000s
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Fig. 3-21 Programming gate disturbance characteristic of different sample at Vg=7V.
This gate length and width are 0.4um and 10um. The tunnel oxide is dry O, 2.5nm
by vertical-furnace. The Vt shift of gate disturbance is lower than 0.4V for 1000s
stress with Vg=7V.
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Fig. 3-23 Drain disturbance characteristic of different sample at Vp=7V. This gate
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Chapter 4

Conclusions

In this thesis, we have studied embedded Si-NCs in SisN4 of SONOS memories device
application. We have successfully demonstrated the feasibility of fabricating embedded
Si-NCs in SizN4 of SONOS memories with excellent characteristics. The size of Si-NCs can
be easily controlled by deposition time.

For the program window, Si-NCs SONOS memories has more trapping sites than
conventional SONOS memory. The program window of Si-NCs is larger for control sample.
And the larger Si-NCs size has larger trapping sites size similar to floating gate, so the
memory window of Si-NCs_2min is larger than Si-NCs_1m30s memory window. For the
different tunnel oxide film, dry N,Q:2.5-nm:by vertical-furnace and dry O, 2.5-nm by
vertical-furnace of memory have-thinner thickness than dry N,O 3-nm by horizontal-furnace
of memory. The program window of thinner tunneling oxide is larger for tunneling oxide of
dry N,O 3-nm by horizontal-furnace.

For the data retention, thermionic emission, direct tunneling and trap-to-trap tunneling,
in relating to the data loss, are the three dominant leakage components. The reduction of the
programmed flat band voltage is due to trap generation in the oxide and also interface state
generation between tunnel oxide and channel interface, which are usually called electron
degradations. In our device, the Si-NCs memory window still maintains quite about 2-V even
through stressed for 10* seconds.

At temperature T=25°C, T=85°C and T=150°C, all cases presented good retention
characteristics but charge loss is serious for control sample than Si-NCs of capacitor sample at
high temperature. Program windows can maintain 1.9-V at 25°C. We can find that will make
our data retention drop at high temperature. Due to thermionic tunneling is violent at high

temperature. So program window has been reduced to 1.5-V. This also shows that the
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trapping capability of Si-NCs trapping layer is very excellent. On the other hand, we observed
larger charge loss percentage for ten years when using accelerated test at temperature
T=250°C. This charge loss is due to the poor quality of tunnel oxide which results in many
leakage current paths.

For different tunnel oxides, all cases presented good retention characteristics but charge
loss is serious for tunnel oxide by dry O, 2.5-nm than N,O 2.5-nm and 3-nm sample. This
also shows that the quality of tunnel oxide of 3-nm grown by dry N,O is very excellent. On
the other hand, we observed larger charge loss percentage for ten years when using
accelerated test for tunnel oxide of 2.5-nm grown in dry O, sample. Based on the all above
result, we know the quality of dry N2O 3-nm by horizontal-furnace is better than that of dry
O, 2.5-nm by vertical-furnace. We find tunnel oxide that utilizing dry N,O 3-nm by
horizontal-furnace will be performance of" reliability. Because the thickness that
horizontal-furnace grows is thicker. And the quality, that horizontal-furnace grows is better.

In conclusion, according to our. research-we have demonstrated that embedded Si-NCs
in nitride for SONOS memories have faster program and erase speed, lower operation voltage
for scaled device, and multi-level per one memory cell. If we can improve the quality of
blocking oxide in order to promote the erase speed and reliability, we believed this embedded
Si-NCs in nitride for SONOS memories are very promising for the future flash memory

application.
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