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ABSTRACT

In recent years, digital life has attracted great importance for Taiwan s
electronics market. Then he portable electronic products have been applied widely,
such as digital cameras, notebooks, hand-carry USB memories, a chip on credit card ,
PDA, GPS, memory card, MP3 audio players and so on. However, these portable
electronic products are based on the nonvolatile memory (NVM) due to the need of
low working power and portability. In a conventional nonvolatile memory (NVM),
charge is stored in a ploy-silicon floating-gate (FG). However, it suffers some
limitations for continual scaling down of the device structure. In FG memory, the

electrons which injected from channel to the poly-silicon trapping layer influence the
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shift of threshold voltage in the memory. Then it can be defined through the difference
of threshold voltages as logic “0” & “1”. Nevertheless, the definition fails if the
tunneling oxide provides a leakage path after repeatedly performing write/erase
cycling. On other hand, the oxide will produce some defect after repeat impact during
electrons the write/erase cycle because the whole structure of FG is semiconductor.
All of the charge stored in FG will be trapped into trapping layer or be lost from
trapping layer with leak path which was formed with defects. FG structure will have
reliability problem when device scale down to nano-meter level.

Among the Metal Silicide, cobalt-silicide (CoSi;) has been widely used as a
contact source due to the lowest resistivity value ( 10-20 ~ ¢ {)cm) and good thermal
stability. In this thesis, CoSi; films were sputtered -and we choose rapid thermal
annealing (RTA) and sputter system in order to reduce process cost because of
temperature controlling and reduce thermal budget because of diffusion reducing.

Co-sputtering approach was used to deposit the mixed cobalt, silicon and
germanium film. After rapid temperature oxidation (RTO), Novel cobalt silicide
nanocrystals embedded in the dielectrics which are doped with Ge have been formed.
The charge storage effect of this novel trapping layer have also been investigated by
capacitance-voltage (C-V), current density-voltage (J-V) measurement. Transmission
Electron Microscopy (TEM), Secondary Ion Mass Spectrometer (SIMS) and X-ray
photoelectron spectroscopy (XPS) have been used to analyze formation of the
cobalt-silicide nanocrystals. In addition, the structure formed by co-sputtering the Co
target with SiO,, Si3Ny target and Al,Os target have also been demonstrated in this
work. The approach also shows good charge storage ability. The charge storage

mechanism of various dielectrics has also been revealed by related material analysis.
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Chapter 1

Introduction

To begin our study of memory, we need to address two central issues. First, what

is memory? Second, what is the goal of research on memory?

1.1 General Background

1.1.1 The era of memory

In recent year, the portable ‘electronic product have widely been applied due to
the concept of low cost ~ small volume and power-saving develop. Because of them,
digital life has attracted great importance for electronics market in Taiwan. Then the
portable electronic products have been applied widely, such as digital camera,
notebook computer, MP3:walkman, hand-carry. USB memory, a chip on credit card ,
PDA, GPS, memory card, MP3 audio players and so on. However, the electronic
industry was subjected that electronic market was challenging it. The electronic
industry urgently needs a new memory device to replace the magnetic-core memory
because of its power consumption or other drawbacks then. Therefore, D. Kahng and
S. M. Sze invented the floating-gate (FG) nonvolatile semiconductor memory (or
flash memory) at Bell Labs in 1967 [1.1] [1.2]. The stacked-gate FG device structure
is shown in Fig. 1-1. Although a huge commercial success, conventional FG devices
have their limitations. The trapped charges in the floating gate can be thermally stable
without the disturbance by electric field and high temperature. However .it has a

poly-silicon gate completely surrounded by dielectric.



Control Gate

Blocking oxide
or Control oxide

< (ONO stack)
Floating Gate(poly-silicon)
Source Drain
Si-substrate
Figure 1-1 The structure of the conventional floating gate

nonvolatile memory device. Continuous poly-Si floating gate is used as
the charge storage element.

(Ref. Simon M. Sze, Kwok K. Ng, s "Physics of Semiconductor Device" Wiley,
New York

Because of their research on memory and FG was invent, the electronics industry
and market rapidly develop in Taiwan and world. We believe no one can diminish or
deny the victory memory device has scored. The rapidly developed Endure rice
science and technology allows us to explore more of it secret. The present storing
device can be split into two main categories: One kind is volatile memory such as
SRAM or DRAM and another is nonvolatile memory such as ROM + EPROM
(Erasable Programmable Read Only Memory) ~ EEPROM (Erasable Programmable
Read Only Memory). The volatile memory loses any data they store when the power

is turned off; it requires constant power to remain viable. Most types of random



access memory (RAM) are very dense and have fast speed in writing and reading.
RAM is massive applied in computer industry. The nonvolatile memories, we also
could call NVM device, are a basic MOS transistor that has a source, a drain, an
access, a control gate and a floating gate. It is structurally different from a standard
MOSFET in its floating gate, which is electrically isolated, or "floating". The
nonvolatile memories are subdivided into two main classes: floating gate and
charge-trapping. The nonvolatile memory does not lose its data when the system or
device is turned off (power off) named ROM, opposite one data will be lost or said
volatile after power off named RAM. It was showed in Fig. 1-2. These two kinds of
memories are most different in their data retention. In this research, research on
nonvolatile memory is our priority. Although a huge commercial success,
conventional FG devices;still come to be in face of and challenge their limitations.
The most prominent one is the limited potential for continued scaling down of vertical
stack structure. This scaling limitation stems from the extreme requirements put on
the tunnel oxide layer. Since the SiO, barrier between the floating gate and the
MOSFET channel is thinner, its quality is critical to ensure good floating gate
isolation. There were three major types of nonvolatile memory: (1) conventional FG
memory (2) SONOS memory (3) nanocrystal memory. These memories have quick

program/erase speed and low power losing.



MOS memory

Volatile Nonvolatile

|

RAM ROM

Mask ROM EPROM | |EEPROM
SRAM DRAM I

Conventional Flash

Figure 1-2  The history of memory tree

Moreover, in the coming years, portable systems will demand even more
nonvolatile memories, either with high density and very high writing throughput for
data storage application or with fast random access for code execution in place. Those
digital products are based on the flash memory which is one kind of the nonvolatile
memory that can be electrically erased and reprogrammed when power is off, so the
flash memory device was more and more import in the world. The flash memory is
the most important among the semiconductor industry. It can be classified into two
major markets in Taiwan: code storage application and data storage application. In
this chapter, we will introduce that some memory device how to develop in Taiwan
and world, such as memory composed of metal nanocrystal2. In addition, the flash
memory fabrication process is compatible with the current CMOS process and is a
suitable solution for embedded memory applications. Therefore, flash memories are
easily scalable replacements for EPROM (Erasable Programmable Read Only
Memory) and EEPROM (Electrically Erasable Programmable Read Only Memory).

EPROM can be electrically programmed, and need to be exposed to the ultra-violet
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(UV) radiation for erasing the storage charge. However, EEPROM can be electrically
erasable and programmable. Flash memories are new breeds of NVM in which not
only every cell can be electrically programmed but also electrically erased at a large
scale of cells at the same time. Since flash memory possesses these key advantages, it

has become the mainstream nonvolatile memory device nowadays.

1.1.2 The basic structure of memory

In this kind of memory, electrons were transferred from the floating gate to the
substrate by tunneling through about 3~5 nm thin silicon dioxide (SiO,) layer or other
high-k dielectric materials [1.3]. Tunneling is the process by which an NVM can be
either erased or programmed and is usually dominant in thin oxides of thicknesses
less than 12 nm. Storage of the charge on the floating gate allows the threshold
voltage (V1) to be electrically altered between a low and-a high value to represent
logic 0 and 1 respectively:

In floating gate memory devices, charge or data is stored in the floating gate and
is retained when the power is removed. They consist of a stacked gate MOS transistor.
Show like the above, there were three major types of nonvolatile memory: (1)
conventional FG memory (2) SONOS memory (3) nanocrystal memory. For the
conventional FG memory, Because of several defects such as interface defects in the
tunnel oxide, they might induce a leakage path and all charge stored from the FG
leaking back to the channel. That is why the conventional FG memory always needs
thicker tunnel oxide to get better retention. There are many researches about leakage
or high-K material in the world. From them, we can understand that its importance is
not out of consideration about its operations. In order to overcome the scaling
limitations of the conventional FG memory structure, SONOS memories [1-4 to 1-6]

and nanocrystal memories [1-7 to 1-9] are two most mentioned candidates. We also
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could clearly understand that the development history of NVM devices in Fig. 1-3 for
SONOS memories structure in Intel corporate. One of them was FAMOS (Floating
gate Avalanche injection MOS) device. It introduced by Frohman-Bentchkowsky
[1-10]. High energetic electron created in the drain avalanche plasma writing the
devices. Erasure is possible by UV or X-ray radiation. Fig. 1-4 was FAMOS. It was
first operating floating gate device. And then, SAMOS (Stacked gate Avalanche
injection MOS) is in Fig. 1-5(A) and was showed in [1-11]. This kind of device is
written like FAMOS device. However, several difference in erasure mechanisms
between FAMOS and SAMOS. Another, SIMOS cell was the n-channel version of
the SAMOS devices Fig. 1-5(B). It was showed in [1-12]. Programming operation

occurs because of Channel hot-electron (CHE) injection. This cell was used mainly

for EPROM applications.
1967 1971 1972 1973 1976 1977 1985 1988 2000
“SAMOS”™ “SIMOS” “Flash EEPROM”
“FAMOS”  Single Double Poly- Double Poly- Double Poly-
Poly-S1,Pch. Feb. 1971 Si Pch. Feb. 1976 Si ,Nch. May. 1977 Si1,CMOS Feb. 1988
- - - -

MY L B A & MY

Figure 1-3 History of NVM (SONOS structure)

(Ref. Toshiba Corporation ULSI Research Center “Technology Trend of Flash-
EEPROM — Can Flash-EEPROM overcome DRAM?”, Symposium on VLSI
Technology Digest of Technical Papers, 1992, pp.6~9. )
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1.2 SONOS Nonvolatile memory Devices

SONOS is the abbreviation of a basic memory. We could clearly understand that
its basis structure is poly-Silicon/ (control or blocking) Oxide/Nitride/ (tunneling)
Oxide/Silicon and show it in Fig. 1-6. The first nitride-base memory devices were
extensively studied in the early 70s after the first metal-gate nitride device
Metal/Nitride/Oxide/Silicon (MNOS) was reported in 1967 by Wegener et al [1-13].
It is showed in Fig. 1-7. However, MNOS were p-channel structures with aluminum
gate electrodes and thick (45 nm) silicon nitride charge storage layers. Write/erase
voltages were typically 25-30 V. In the late 1970s and early 1980s, scaling moved to
n-channel silicon-nitride-oxide-silicon (SNOS)-devices with write/erase voltages of
14-18 V. It is showed in. In the late 1980s and early 1990s n- and p-channel SONOS
devices emerged with write/erase voltages: of 5-12 V. SONOS based nonvolatile
memory has emerged as the most mature nonvolatile semiconductor memory (NVSM
or NVM) currently in use for a wide range.of applications in our daily life and
becomes the most popular charge trapping device because of its complete
compatibility with existing advanced it CMOS technology. On the other hand, the
SONOS memory device has received a lot f attention due to its advantages over the
traditional floating-gate flash EEPROM device such as including reducing process
complexity, lowering voltage operation, getting higher operation speed, improving
cycling endurance and elimination of drain-induced turn-on [1-14]- [1-17]. The basis
of this kind memory is trapping charge to change its threshold Voltage. Aside from
them, they also can cost down because that it can achieve two-bit per cell. The
charges of storage elements in SONOS memory are the charge traps distributed
throughout the volume of silicon nitride layer. A typical trap has a density of order

10"~ 10"”cm™ according to Yang et al [1.18] and stores both electrons and holes



(positive charges) injected with F-N or direct tunneling from the channel. The
intrinsic distributed storage is an advantage of the SONOS device over the FG device.
It has improved endurance, since a single defect will not cause the discharge of the
memory. In the meantime, SONOS memories hardly reach a data retention for 10
years. This is why the actual use of SONOS memories is limited to military

applications needing high radiation hardness [1-19] and [1-20].

Control Gate

Blocking oxide
or Control oxide

Silicon Nitride

Source Drain
Si-substrate

Figure 1-6 ~ SONOS structure memory
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Figure 1-7  MNOS structure memory
1960s~1970s

1.3 Nanocrystal-Nonvolatile Memory Devices

The program/erase mechanism is shown in Fig. 1-8. SONOS devices are
programmed by channel hot electron (CHE) injection or Fowler-Nordheim (F-N)
tunneling mechanism, mainly. In general, the program speed in CHE injection is
10*~10° times faster than in F-N tunneling [1-21]. During programming, the control
gate is biased positively so that electrons from the channel can tunnel across the SiO,
into the nitride layer with F-N tunneling mechanism I; and some electrons will
continue to move through the nitride layer then across the control oxide finally into
the control gate I, with the same mechanism. Last, saturation of charging will be
reached when I;=I,. The remaining trapped charges in the nitride layer provide the

electrostatic screening of the channel from the control gate. Therefore, there is a
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threshold voltage shift (AVT) resulting from trapped charges in nitride and because of
that SONOS can be used as a memory device just like conventional floating gate
devices.

Last, the SONOS memory device still has to face the challenge in the future for
high density nonvolatile application, which require lower power (<5V), lower power

consumption, faster operation speed, longer retention time and superior endurance

characteristics.
L
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Figure 1-8  The energy band diagrams of the write/erase operation for a
SONOS device.
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In the early 1990s nanocrystal nonvolatile memories first was introduced by IBM
researchers. Some of the most compelling studies have focused on the flash memory
with a granular floating gate made out of silicon nanocrystals [1-22] [1-23]. Fig. 1-9
illustrates nanocrystal nonvolatile memory device structures. The employment of Si
nanocrystals as discrete floating gates is a promising way to limit the lateral charge
communication in an EEPROM, which in consequence provides a means for
extending the scaling limit of flash memories. The tunneling oxide thickness of this
memory device was 4.5 nm. Writing/Erasing time was smaller than 100 nanoseconds.
Writing/Erasing number of times was greater than 10° times. Operating voltage was
2.5V and long retention time. Those proved that using discontinuing FG replacing
continuing FG maybe nice method of improving floating gate memory. On the other
hand, charge was not stored on a continuous FG poly-Si layer, but instead on a layer
of discrete, mutually isolated, crystalline nanocrystals or dots typically made of
semiconductor material.-Each dot will typically store only a handful of electrons
which tunneled from channel. Collectively the charges stored in these dots control the
channel conductivity of the memory transistor. The charges loss often through lateral
paths in nanocrystal-based memory devices can be suppressed by the oxide isolation
or other insulator such as high-k material between nanocrystals, these devices
exhibited superior charge storage characteristics compared with conventional
floating-gate memory devices. All stored charges won’t be lost through the few leaky

paths since the charges are stored in distributed nanocrystals or called nanodots.
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Figure 1-9  The structure of the nanocrystal nonvolatile memory device.
The semiconductor nanocrystals or metal nanodots are used as the charge
storage element instead of the continuous poly-Si floating gate

When comparing with conventional stacked gate NVSM devices the charge
storage on nanocrystal offers several advantages. The first thing we notice is that its
thinner tunnel oxide without sacrificing data volatility. Because of this, reducing the
tunnel oxide thickness is not only a key to lowering operating voltages but also
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 [1-24] and
quantum confinement effects (band-gap widening; energy quantization). However,
both them can be exploited in sufficiently small nanocrystal geometries (about sub-3
nm dot diameter) to further enhance the memory performance.

There are some other important advantages. First, nanocrystal memories use a

more simplified fabrication process as compared to conventional stacked-gate FG
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NVM by avoiding the fabrication complications and reducing costs of a dual-poly
process. Further, due to decrease the effects of Drain -FG coupling, nanocrystal
memories suffer less from drain-induced-barrier-lowering (DIBL).because of this,
these devices have intrinsically better punch-through characteristics. One way to
exploit this advantage is to use a higher drain bias during the read operation, thus
improving memory access time. Alternatively, it allows the use of shorter channel
lengths and therefore smaller cell area (i.e., lowering cost). Finally, nanocrystal
memories are characterized by excellent immunity to stress induced leakage current
(SILC) and oxide defects due to the distributed nature of the charge storage in the
nanocrystal layer.

Unlike volume distributed charge traps (ex: nitride in SONOS NVM or some
high-k material [1-25]), nanocrystals be deposited in a two-dimensional 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.

However, there are some intrinsic weaknesses as well. Of particular importance
is the low capacitive coupling between the external control gate and the nanocrystal
charge storage layer. This does not only result in higher operating voltages, thus
offsetting the benefits of the thinner tunnel oxide, but also removes an important
design parameter (namely the coupling ratio) typically used to optimize the

performance/reliability trade-off.

1.4 Motivation

Because the portable electronic products have been widely applied, we have
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known that the memory plays an important role in the market on chapter 1-1 and I
won’t restate. In recent years, there are many researches on semiconductor or metal
nanocrystals as memory and considerable attention has been focused on
semiconductor or metal nanocrystals embedded in the silicon dioxide of a metal oxide
semiconductor (MOS) device for future high speed and low power consuming
memory device. The self-assembling of silicon or germanium nanocrystals embedded
in Si0O; layers has been widely studied, and strong memory effect in MOS devices
were reported [1-26]. The major advantages of metal nanocrystals over semiconductor
include (1) high density of states around the Fermi level, (2) strong coupling between
the nanocrystal and the substrate [1-31] (3) a wide range of available work function,
and (4) smaller energy perturbation due to carrier confinement. I had chosen a kind of
metal as the storage material of memory device because of those advantages. The
metal material I chosen was' cobalt. On the other hand, our researches were chosen
cobalt or cobalt Silicide as the main materials for some reasons.

Among several kinds'of nanocrystals devices, the metal and metal-silicide NCs
are considered to be beneficial'in its variable work function, higher density of states
around the Fermi level and so on. We could know that metal silicide has been
receiving attention in VLSI devices for interconnects, gate and source/drain contacts.
Among the Metal Silicide, cobalt-silicide (CoSi,) has been widely used as a contact
source due to the lower resistivity value (10-18uQ/cm) and good thermal stability
[1-32]. Over the past years, several studies have been made on the memory that was
based on Co or CoSi, nanocrystals. CoSi, thin films are often employed in the
semiconductor technology. They have been mentioned that there was a nice method
used to form CoSi, nanocrystals embedded dielectric layer such as SiO2. We observed
that the CoSi, nanocrystals were nucleated in SiO:2 layer, leading to an obvious

memory effect [1-33]. However, CoSi, nanocrystals embedded SipsGeos layer has
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never been studied so far. There were a lot of experiments forming Ge nanocrystal by
oxidizing the SipsGep s film. Germanium (Ge) element is also a semiconductor; SiGe
Semiconductor plays a key role in enabling these technologies by providing
high-performance, low-cost power amplifiers and chip-scale RF front-end modules
that comply with the latest wireless standards and market requirements. The transistor
uses a modified design and IBM's proven silicon germanium (SiGe) technology to
reach speeds of 210 Gigahertz (GHz) while drawing just a milliamp of electrical
current. This represents an 80 percent performance improvement and a 50 percent
reduction in power consumption over current designs. Germanium element has higher
dielectric constant (~16.0, i.e., stronger coupling with the conduction channel).
Germanium element may improve data retention time-due to its smaller energy band
gap. Because of these, we think that germanium element maybe good memory device
fabrication materials. Germanium element component was-added into the Si and Co
mixed layer. At the same, we tried to deposit SigsGeo s thin film by co-sputter system
and then anneal it by Rapid Thermal Annealing (RTA) system. We chose RTA to
avoid Ge or Co over oxidizing. Several studies have been made on this memory
which is based on the SipsGeg s co-sputtered film. We also ascertain what role Ge and
Co plays on the memory devices.

A three-phase study was designed to explore the formation of cobalt-silicide, the
role of capped oxide before RTA and the procedure of oxidation mechanism. It this
investigation about co-sputtered film we carried out three different experiment

procedures and materials.

1.4.1 Study on formation of cobalt-silicide (CoSi,) nanocrystals
for the application on nonvolatile memory

Among several kinds of NCs devices, the metal and metal silicide NCs are

16



considered to be beneficial in its variable work function, higher density of states
around the Fermi level. In addition, the dielectric layer that NCs embedded in also can
contribute the charge storage sites by defects or traps created in the interfaces between

different materials'®!"!

. In this investigation, the formation of cobalt-silicide NCs was
investigated by adding Ge elements into the cobalt-silicide film using co-sputtered Co
and SipsGeps targets on tunnel oxide. After thermal oxidation process, the

cobalt-silicide NCs are formed and the additional Ge elements are oxidized.

Furthermore, the oxidized Ge elements contribute extra charge trap sites.

1.4.2 Post-oxidation annealing procedures of Co-Si-Ge thin
film as trapping layers in-oxygen ambient by annealing system

In previous section, we have studied on formation of cobalt-silicide (CoSi,)
nanocrystals and the role of capped oxide during the formation of cobalt-silicide
(CoSiz) nanocrystals in Ge-doped dielectric layer. We could understand that capped
oxide plays a important role. In this section, let us now shift the emphasis away from
the sample with cap to the sample without cap and let us examine the mechanism of
oxidation in more detail. We chose pure Co and Sij sGe, targets to form a Coyich-Si-Ge
thin film with sputter system because the SiO, and GeO, reaction is
thermodynamically more preferable than CoO during annealing. Sufficient Co atoms
could react with silicon to CoSi, nanocrystals according to previous section. It could
realize the procedure of oxidation mechanism when the samples are annealed with

varies material analysis.

1.4.3 The role of capped oxide during the formation of

cobalt-silicide (CoSi,) nanocrystals in Ge-doped dielectric layer
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The floating-gate memory have faced a challenge to devices scaling down
[1-34]-[1-35]. Among the reported literature, a structure with distributed nanocrystals
as charge storage sites is considered a potential resolution to replace the conventional
memory structure [1-36]-[1-37]. Many different researches of the nanocrystals such as
the development of material, the improvement of performance and the electrical
operation of nanocrystals devices have been reported in the recent year [1-38] to
[1-43]. In the development of material, the structure combined with cobalt-silicide
nanocrystals and oxidized germanium is presented as a trapping layer for the
application of nonvolatile memory [1-44]. In order to form the cobalt-silicide
nanocrystals and oxidized germanium, rapidly thermal oxidation (RTO) is necessary.
However, the parameter of RTO process is difficult to-control such as the flow rate of
oxygen or the time of process affects the aggregation of nanocrystals seriously.

In this thesis, the aggregation behavior of cobalt-silicide nanocrystals during
the RTO process has been studied. The results of Transmission electron microscopy
(TEM) and Secondary lon Mass Spectrometer (SIMS) indicate that the capped oxide
enhances the aggregation of nanocrystals obviously. It also restrains the diffusion and
oxidation behaviors of Co and Ge during thermal treatment. Therefore, a capped
oxide before RTO process is essential for the aggregation of cobalt-silicide

nanocrystals in Ge-doped dielectric layer by RTO process.
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Chapter 2
Nonvolatile Memory basic concept, operation

mechanism and material analysis

2.1 Reading operation

In this chapter, the program and erase mechanisms of nonvolatile memory device
will be introduced. Most of operations on novel nonvolatile memories, such as
nanocrystal and SONOS memories are base on the concept of Flash memory. The
data stored in a Flash cell can be determined measuring the threshold voltage of the
FG MOS transistor. The best and fastest way to do that is by reading the current
driven by the cell at a fixed gate bias. If a dot or nanocrystal has to be stored in a bit
of the memory, there will be different procedures. In the current—voltage plane two
cells, respectively, logic “1”” and “0” exhibit the same transconductance curve but are
shifted by a quantity—the threshold voltage shift (AV; ). The threshold voltage shift

of a flash transistor can be written as

Q9
Cre

AV, =

Where Q is the charge weighted with respect to its position in the gate oxide and

Crc is the capacitances between the floating gate and control gate. Hence, once a
proper charge amount and a corresponding is defined, When writing operation is
completed it is possible to fix a reading voltage in such a way that the current of the
“1” cell is very high (in the range of tens of microamperes), while the current of the

“0” cell is zero, in the microampere scale. It is showed in Fig. 2-1 clearly. In this way,
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it is possible to define the logical state “1” from a microscopic point of view as no
electron charge (or positive charge) stored in the FG and from a macroscopic point of
view as large reading current. To a nonvolatile memory, it can be “written” into either
state “1” or “0” by either “programming” or “erasing” methods, which are decided by
the definition of memory cell itself. There are many solutions to achieve
“programming” or “erasing”.

Besides, the importance of material analysis (such as XPS, SIMS and so on) was

another point I focus on in this chapter. I will illustrate them in this chapter.

A C1CIGIGC)
ID
NEUTRAL CHARGED
“ 1 ” ‘(O!Y

Figure 2-1 Floating-gate MOSFET reading operation

( Ref. ROBERTO BEZ, EMILIO CAMERLENGHI, ALBERTO MODELLI, AND ANGELO
VISCONTI, Introduction to Flash Memory, PROCEEDINGS OF THE IEEE, VOL. 91, NO. 4,
APRIL 2003)
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2.2 Basic Program/Erase Mechanisms

2.2.1  Carrier Injection Mechanisms

The problem of writing an FG cell corresponds to the physical problem of
forcing an electron above or across an energy barrier. The problem can be solved
exploiting different physical effects [2-1]. The three main physical mechanisms used
to write an FG memory cell are sketched. Tunneling is a quantum mechanical process.
For nonvolatile memory which has FG on the gate such as SONOS structure, the
writing and erasing processes for an n-channel semiconductor memory device are
illustrated schematically in Fig. 2-2. During the writing process, a positive gate
voltage is applied to inject channel inversion-layer electrons into the nitride layer. I
could talk by the same token. During the erasing process, a reverse gate bias is
applied to cause the electrons to tunnel back into the channel and the accumulation
layer holes to tunnel into the nitride from the channel. There are many ways to
achieve “programming” or “erasing”. Tunneling through the oxide can be attributed to
different carrier-injection mechanisms. Which process applies depends on the oxide
thickness and the applied gate field or voltage. In general, hot carrier electron
injection (CHE) and tunneling injection are two kinds of common operation
mechanism employed in novel nonvolatile memories. Tunneling injection methods
includes direct tunneling, Fowler—Nordheim (FN) tunneling, Modified
Fowler—Nordheim tunneling (MFN) and trap assistant tunneling (TAT). These are the
main programming mechanisms employed in memory [2-2] to [2-4]. They were

showed in Fig. 2-3.
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White, An Automated SONOS NVSM Dynamic Characterization System,

0-7803-1290-N3 $3.00 01993 IEEE)

2.2.2 Channel Hot Electron (CHE) Injection
Channel hot electron (CHE) [2-5] injection is widely used as programming

method in nonvolatile memories (NVM), especially in floating-gate [2-6] and
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NROM™ [2-7] [2-8] devices. The physical mechanism of CHE injection is relatively
simple to understand qualitatively. An electron traveling from the source to the drain
have gained very high kinetic energy after being accelerated by a strong electric field
in areas of high field intensities within a semiconductor (especially MOS) device. At
low fields, this is a dynamic equilibrium condition, which holds until the field
strength reaches approximately 10°V/ecm [2-9]. For fields exceeding this value,
electrons are no longer in equilibrium with the lattice, and their energy relative to the
conduction band edge begins to increase. Because of their high kinetic energy, hot
carriers can get injected and trapped in areas of the device where they shouldn't be,
forming a space charge that causes the device to degrade or become unstable.
Electrons are “heated” by the high lateral electric field, and a small fraction of them
have enough energy to surmount the barrier between oxide and silicon conduction
band edges (electrons need about 3.1eV). In the other hand, the effective mass of hole
is heavier than one of electron. It is too hard to obtain enough energy to surmount
oxide barrier. Therefore, hot-hole injection rarely is employed in nonvolatile memory

operation.

2.2.3 Fowler—Nordheim (FN) Tunneling

Fowler-Nordheim (FN) tunneling mechanism is the process whereby electrons
tunnel through a barrier in the presence of a high electric field and occurs when
applying a strong electric field (in the range of 8-10 MV/cm) across a thin oxide. In
these conditions, the energy band diagram of the oxide region is very steep.
Fowler-Nordheim (FN) tunneling mechanism is based on the quantum mechanical
process which is an important mechanism for thin barriers.

The tunnel probability that we derived from the time independent Schrodinger
equation is
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W(L)="P(0)exp| - 2 [Z(X)_E] dx

The minus sign is chosen since we assume the particle to move from left to
right. For a slowly varying potential the amplitude of the wave function at x = L can
be related to the wave function at x = 0.

This equation is referred to as the WKB (Wentzel-Kramers-Brillouin)
approximation [2-10]. Using a free-electron gas model for the metal and the WKB
approximation for the tunneling probability, one obtains the following expression for

current density [2-11]. The tunneling probability, ® , can be written

* 32

the electric field equals E= /L

g is the barrier height
my, is the effective mass of the electron in the forbidden gap of the dielectric

7 1s the Planck’s constant,

g 1s the electronic charge,

E  is the electric field through the oxide.

The carrier density equals the density of available electrons multiplied with the

tunneling probability, yielding:

J =nqV,0 g’
The tunneling current therefore depends exponentially on the barrier height to the 3/2
power. However, the exponential dependence of tunnel current on the oxide-electric

field causes some critical problems of process control because, for example, a very

small variation of oxide thickness among the cells in a memory array produces a great
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difference in programming or erasing currents, thus spreading the threshold voltage

distribution in both logical states.

2.2.4 Direct Tunneling (DT)

It occurs below = 5Snm and with such a thin insulator or other phenomena such as
quantum effects cannot be ignored. For nanocrystal memories, the control-gate
coupling ratio of nanocrystal memory devices is inherently small [2-12]. As a result,
F-N tunneling cannot serve as an efficient write/erase mechanism when a relatively
thick tunnel oxide is used, because the strong electric field cannot be confined in one
oxide layer. The direct tunneling is employed in nanocrystal memories instead. In the
direct-tunneling regime, a thin oxide with thickness less than 3~5 nm is used to
separate the nanocrystals from the channel. During write/erase operations, electrons /
holes can pass through the oxide by direct tunneling, which gives the advantages of
fast write/erase and low operation voltage. In the other hand, the direct tunneling is
more sensitive to the barrier width than barrier height, two to four orders of
magnitude reduction in leakage current can still be achieved if large work function

metals, such as Au or Pt.

2.3 Basic Physics Characteristics of Nanocrystal Memory

2.3.1 Quantum Confinement Effect

The study of nanometer-size effects in direct gap semiconductor crystallites is an
active field. In this size range, three-dimensional quantum confinement completely
changes the optical and electronic properties of these nanocrystals compared to those

of the bulk. The band gap increases with decreasing diameter, and the excited

26



electronic states become discrete with high oscillator strength and therefore it
dependence on nanocrystal size has been studied both experimentally and
theoretically with the tight-binding model. However, there is little experimental
understanding of the basic nature of confinement for indirect gap materials such as
silicon [2-13], despite strong theoretical interest. Silicon confinement contains new
physics as well as possible technological importance. Confinement could enhance
band gap luminescence [2-14 to 2-16], which is forbidden in bulk material, possibly
enough to enable laser or display applications. However, a quantitative
characterization of this enhancement in real nanocrystals has not been explored.
Compared with bulk Ge, a 3nm Ge nanocrystal can have a conduction band shift of
0.5eV, which is significant- enough to affect the electrical performance of the

nanocrystal memory cell.

2.3.2 Coulomb:Blockade Effect

Coulomb blockade was first observed in tunnel junctions containing a small
metallic particle [2-17].The stored electron charge will raise the nanocrystal potential
energy and reduce the electric field across the tunnel oxide, resulting in reduction of
the tunneling current density during the write process. It is showed in Fig. 2-4.The
Coulomb blockade effect can effectively inhibit the electron tunneling at low gate
voltage and improve the flash memory array immunity to disturbance. However, the
Coulomb blockade effect should be reduced by employing large nanocrystals if large
tunneling current and fast programming speed is desired. The Coulomb blockade
effect has a detrimental effect on the retention time, since the electrons in the
nanocrystal have large tendency to tunnel back into the channel if the nanocrystal
potential energy is high in retention mode. Another, the quantum confinement energy

shifts the nanocrystal conduction band edge upward so that the conduction band offset
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Figure 2-4 Coulomb blockade effect
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Chapter 3

Experimental procedure

3.1 Sample Preparation

3.1.1 Method of Wafer pre-cleaning and fabricating tunnel oxide
P-type silicon wafers with <100> orientation were used for the fabrication of
MIS capacitors. First, (100) oriented P-type 4 inch silicon wafers were chemically
cleaned by standard Radio Corporation of America cleaning (RCA cleaning),
followed by thermally growing of a about 5-nm-thick tunnel oxide at 1000°C by
dry-oxidation horizontal, furnace system(atmospheric pressure chemical vapor

deposition, APCVD ), and then the oxide measured by N&K: 1200 was 41~55 A.

3.1.2 Method and condition of fabricating Co-Si-Ge thin film
3.1.2.1  Sample study on formation of Cobalt-Silicide (CoSi,) nanocrystals

a 10-nm-think Ge-doped Co-Si thin film was deposited by sputtering the Co and
SipsGeo s targets simultaneously. The pure Co target was sputtered by a DC power of
50W, the SiysGeos target sputtered by a DC power of 70W simultaneously. Then a
20-nm-thick SiO; film was deposited by plasma enhanced chemical vapor deposition
(PECVD) system to form the capped oxide before rapid thermal oxidation (RTO)
process. The above co-sputtered film deposited on the tunnel oxide at room
temperature with 7.6mTorr pressure of the chamber. After RTO process at 650°C for
30 sec in O, ambient, the cobalt-silicide NCs were nucleated in the dielectric layer
and Si, Co and Ge on co-sputtered film were oxidized and formed one port of control

oxide. Afterward annealing a 30nm SiO, film was deposited by plasma enhanced
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chemical vapor deposition (PECVD) system to form the control oxide.

3.1.2.2  Sample study on Post-oxidation annealing procedures of Co-Si-Ge thin
film
The following is a co-sputtered film of cobalt (Co) and silicon-germanium (SiGe)
deposited onto the tunnel oxide by sputtering system. The pure Co target was
sputtered by a DC power of 100W, the SiysGeg s target sputtered by a RF power of
100W simultaneously during 30 seconds among the deposition. The above
co-sputtered film deposited on the tunnel oxide at room temperature with 4.5mtorr
pressure of the chamber. Some characters about cobalt list in Table 3-1.Next step, we
annealed the sample with rapid thermal annealing (RTA) for 30s~90s in O, ambient
that temperatures was about 550°C~750°C. During the annealing process Si ~ Co ~ Ge
on co-sputtered film were oxidized and formed one port of control oxide. Also, cobalt
elements had accumulated to form CoSi, nanocrystals which were embedded between
silicon dioxide.
After annealing a 50nm SiO; film was deposited by plasma enhanced chemical

vapor deposition (PECVD) system to form the control oxide.
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Table 3-1 some character about metal cobalt

Cobalt general character

Name, Symbol, Number cobalt, Co, 27
Chemical series transition metals
Group, Period, Block 9,4,d
Density 8.90 g-cm-3
. ) 1768 K
Melting point
(1495 °C, 2723 °F)
. ) 3200 K
Boiling point
(2927 °C, 5301 °F)
Heat of fusion 16.06 kJ-mol ™!
Heat of vaporization 377 kJ-mol ™
Heat capacity (25°C)24.811] ‘mol K
Work function 4.18eV

3.1.2.3  Sample study on the role of capped oxide

After growing of a about 5-nm-thick tunnel oxide we choose CoSi, as material to
form the Co-Si-Ge thin film. See, for example, the flow path of growing tunnel oxide
in preceding paragraph.

A about 10-nm-think Ge-doped Co-Si thin film was deposited by sputtering the
CoSi; and SisGeg s targets simultaneously. The CoSi, target was sputtered by a DC
power of 100W, the SipsGey s target sputtered by a RF power of 100W simultaneously
during 30 seconds among the deposition. Then a 10-nm-thick SiO; film was deposited
by plasma enhanced chemical vapor deposition (PECVD) system to form the capped
oxide before rapid thermal oxidation (RTO) process. The above co-sputtered film
deposited on the tunnel oxide at room temperature with 4.5mTorr pressure of the

chamber. After RTO process at 750°C for 30 sec~90 sec in O, ambient, the
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cobalt-silicide NCs were nucleated in the dielectric layer and Si, Co and Ge on
co-sputtered film were oxidized and formed one port of control oxide. Afterward
annealing a 40nm SiO, film was deposited by plasma enhanced chemical vapor

deposition (PECVD) system to form the control oxide.

3.1.3 Method and condition of fabricating Co-Si-Ge thin film

Finally the Al gate electrode on back and front side of the sample were finally
deposited and patterned with thermal coater system to form a metal/oxide/silicon
(MOS) structure with CoSi, nanocrystals. Fig. 3-1, Fig. 3-2, Fig. 3-3 was respectively

showed the schematic diagrams of fabricating procedures for Co-Si-Ge thin film.
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Figure 3-1 The schematic diagrams of fabricating procedures for the

memory which is based on Co-incorporated SiysGeg s
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3.2 Physical Characterization Techniques

3.2.1 Focused lon Beam (FIB)
FIB techniques are commonly used in high magnification microscopy. Many
FIBs are largely used to prepare transmission electron microscope (TEM)

cross-section sample lamellae because of inducing damage. (In NSYSU)

3.2.2  Transmission Electron Microscopy (TEM) and Energy
dispersive X-ray spectroscopy (EDX)

The cross-sectional images were examined by TEM. We could clearly observe
that nanocrystals or compounds exist in the trapping layer. We also understand what

elements are in the trapping layer with EDX analysis. (In NTHU and NCU)

3.2.3 X-ray photoelectron spectroscopy (XPS)

X-ray photoemission spectroscopy (XPS)-is-a-surface sensitive technique used to
determine atomic compositions and learn information about the types of bonding that
occurs within various compounds. We could get chemical information from XPS

binding energy shifts. (In NCTU)

3.2.4 secondary ion mass spectrometry (SIMS)
Secondary Ion Mass Spectrometry (SIMS) is an analytical technique used to

analyze the composition of solid surfaces and thin films by sputtering the surface of

the specimen with a focused primary ion beam and collecting and analyzing ejected
secondary ions. Secondary ions formed during the sputtering are extracted and
analyzed using a mass spectrometer. It can provide elemental depth profiles over a

depth range from a few angstroms to tens of microns.
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3.3 Physical Characterization Techniques

Electrical characteristics, including the capacitance-voltage (C-V) hysteresis,
current density-voltage (J-V), retention and endurance characteristic were also
performed. We measured the electrical characteristics with Keithley 4200 and

HP4284 Precision LCR Meter at 1 MHz.
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Chapter 4

Results and Discussion

A three-phase study was designed to explore the formation of cobalt-silicide, the role
of capped oxide before RTA and the procedure of oxidation mechanism. It this
investigation about co-sputtered film we also carried out three different experiment
discussion.

4.1 Study on formation of cobalt-silicide (CoSi,)

nanocrystals for the application on nonvolatile memory

Fig. 4-1 shows the forward and reverse. capacitance-voltage (C-V) hysteresis for
as-deposited samples obtained when the gate voltage was first swept from —10V to
+10V (accumulation to-inversion, forward sweep) and then from +10V to —10V
(inversion to accumulation, reverse sweep) for the MIS structure which is based on
co-sputtered Co- SipsGeg s thin films: In Fig. 4-1, it 1s found that the memory window
of about 5.64V is observed under = 10 V gate voltage operation. We also measured
15V with the same process and could found that a more pronounced C-V shift is
observed. The C-V hysteresis after bidirectional sweeps implies the electron charging
and dish. As the swept voltage is increased to + 15 V, a more pronounced C-V shift is
observed. The charge storage ability of Ge-doped cobalt-silicon memory devices is
attributed to the presence of cobalt-silicide NCs and the oxidized Ge elements, which

provide extra charge trap sites.
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Figure 4-1  The C-V characteristics of the Co- Si-Ge co-sputtered film
with capped oxide before annealing.

Moreover, the leakage current in the MOIOS structure is shown in Fig. 4-2. The
lower leakage current could avoid the stored charge leaking into gate through the
blocking oxide to get better retention time for the MOIOS structure. According to the
reported paper, the asymmetry of J-V characteristics in the figure is because when the
applied voltage is swept from 0 to +10V, some negative charges are trapped in the
defects of the dielectric layer, leading to an increase of the injection barrier height and,
therefore, to a decrease of the oxide conductivity. The leakage currents exhibit a

nearly result about from 10" order to 10> order.
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V (V)

Figure 4-2  The J-¥ characteristics of the Co- Si-Ge co-sputtered film
with capped oxide before annealing.

Fig. 4-3 shows (a) the cross-sectional and (b) the plane-view TEM image of the
fabricated device sample. It can be found that the average diameter of cobalt-silicide
NCs is around 8~10 nm from the cross-sectional TEM image and the area density of
NCs is estimated to be about 1.03 x10'" cm™ from the plane-view TEM image.
According some papers, the Ge elements tend to segregate at interface during the
formation of the NCs [4-1]. With the segregation of Ge elements, the component of
NCs is nearly cobalt silicide. Moreover, according to the thermodynamic analysis, We
have known that the Si and Ge elements are prior to be oxidized in the mixed film
[4-2]. Therefore, the cobalt-silicide NCs nucleate in the thin dielectric film mixed

with silicon oxide and oxidized Ge elements.
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Figure 4-3 (a) the cross-sectional and (b) the plane-view TEM
image of the fabricated device sample.
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EDX Analysis stands for Energy Dispersive X-ray analysis Energy. Fig. 4-4
shows the EDX images of the fabricated device sample after RTO process. We could
know that there are many kinds of element in the trapping layer such as cobalt, silicon,
germanium and oxygen in the dot from Fig. 4-4 (a) and Fig. 4-4 (b). However, in Fig.
4-4 (c), we could know that a small amount of various elements was in the trapping

layer wherever there are not dots in it.

(a) EDX-01

+ (b) EDX-02

T Ykk,‘ffl i i B

’

EWhere W1thout any dots

(c) EDX-03 m i

a
e cw o
et i e et g

Figure 4-4 The EDX images of the fabricated device sample after

RTO process.
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Fig. 4-5 shows the XPS spectrum of Ge 3d and Co 2p3/2 in the Co-SiysGegs
co-sputtered film after thermal oxidation process. The Ge 3d XPS spectrum is
displayed in Fig. 4-5 (a). We found that the peak output occurs between 29 eV and 35
eV and there and this spectrum clearly indicates the peak at ~32.5 eV'C. it can be
found that the Co 2p XPS spectrum shows two peaks corresponding to cobalt silicide
and cobalt oxide at ~778.5 eV and ~782 eV, respectively [4-3]. The result indicates
that cobalt-silicide NCs are formed and partly cobalt elements are oxidized to cobalt
oxide during thermal oxidation process. It is believed that the thermal oxidation

process causes the formation of cobalt-silicide NCs and the oxidation of Ge elements.
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Figure 4-5 The XPS spectrum of (a) Ge 3d and (b) Co 2p3/2 in the

Co-Si5Geg 5 co-sputtered film after thermal oxidation process.
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4.2 Post-oxidation annealing procedures of
Co-Si-Ge thin film as trapping layers in oxygen ambient by

annealing system

421 Results
4.2.1.1  Electrical characteristics

Fig. 4-6 show the forward and reverse capacitance-voltage (C-V) hysteresis for
as-deposited samples obtained when the gate voltage was first swept from —7V to
+7V (accumulation to inversion, forward sweep) and then from +7V to -7V
(inversion to accumulation, reverse sweep) for MIS structure which is based on
co-sputtered Co- SipsGeos thin films. We also measured 9V with the same process
and could found that a more pronounced C-V shift is observed. The C-V hysteresis
after bidirectional sweeps implies the electron charging and dish.

We could observe that threshold-voltage shifts were reduced and memory
window was also smaller as the memory was annealed during longer time or higher
temperature in Fig. 4-6. For a fine example of this phenomenon, the threshold-voltage
shifts of the memory which was annealed at 550°C were smaller when annealed time
with Rapid Thermal Processing (RTP) system was longer. It is considered that there
were less cobalt elements or CoSi, to form nanocrystals and partial cobalt elements
form another chemical compound. The cobalt reacts with oxygen to make rust during
annealing in O,.ambiance. Here is an example of chemical reactions with the
corresponding chemical equation. Cobalt oxide had large internal resistance [4-4] and
therefore cobalt oxide had not been a good conductor. There is considerable validity
in our ratiocination: some cobalt elements formed another chemical compound such

as CoO during annealing in O, ambiance.
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Figure 4-6 ~ C-V hysteresis of the fabricated device sample after RTO

Process.
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4.2.1.2  Material analysis

Fig. 4-7 shows the cross-sectional TEM and the C-V hysteresis of the fabricated
device sample after RTO process. We can clearly find out the variation in chemical
and physical composition of trapping layer. Co-sputtered film became two separate
ports in trapping layer. One of them is a continuous film that is not formed with
conductor and becomes one port of control oxide. Another one is clearly observed that
many nanocrystals formed under continuous film and on tunnel oxide after thermal

treatment.

neloxide . — —

The C-V hysteresis of
| Co-SiGe co-sputtered film 550°C RTA:60s

cIc,

Vg(volt)

Figure 4-7 The cross-sectional TEM and the C-V hysteresis of the

fabricated device sample after lower temperature RTO process.

EDX Analysis stands for Energy Dispersive X-ray analysis Energy. Fig. 4-8 (a)
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shows the EDX images of the fabricated device sample after RTO process. It is
sometimes referred to also as EDS or EDAX analysis. It is a technique used for
identifying the elemental composition of the specimen. We could know that there are
many kinds of element in the trapping layer such as cobalt, silicon, germanium and
oxygen in the Fig. 4-8 (a). In the Fig. 4-8 (b), we made quantitative analysis and could
understand that oxygen elements on the point, EDX-03, have plenty of oxygen

elements on the point, EDX-01, and, EDX-02.
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Figure 4-8 (a) Cross-sectional TEM and EDX (Energy Dispersive X-ray analysis)
of the fabricated device sample after RTO process. (b) The quantitative analysis and

could understand that oxygen elements on the point
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Fig. 4-9 shows the XPS spectrum of Ge 3d and Co 2p3/2 in the co-sputtered Co-
SipsGegs thin films after thermal oxidation process. The Ge 3d XPS spectrum is
displayed in Fig. 4-9 (a). We found that the peak output occurs between 30 eV and 34
eV. It is believed that the executed oxidation process causes the oxidation of Ge
element. In Fig. 4-9 (b), the Co 2p3/2 XPS spectrum shows two peaks corresponding
to CoSi, and cobalt oxide at about ~778.6eV and ~780.5eV respectively. The result
indicated that CoSi, NCs are formed and partly cobalt elements are oxidized to cobalt

oxide during thermal oxidation process.
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The XPS spectrum of (a) Ge 3d and (b) Co 2p3/2 in the
Co-Siy5Geg 5 co-sputtered film after thermal oxidation process.

Fig. 4-10 shows the cross-sectional TEM and the C-V hysteresis of the fabricated
device sample after RTO process. We can clearly find out the variation in chemical

and physical composition of trapping layer. Co-sputtered film became two separate
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ports in trapping layer. One of them is a continuous film which is not formed with
conductor and another one of them is clearly observed that there no nanocrystals
under continuous film by thermal treatment. In the Fig. 4-11, we also could know that
there are many kinds of element in the trapping layer such as cobalt, silicon,

germanium and oxygen with EDX analysis.

The C-V hysteresis of
Co-SiGe co-sputtered film 750°C RTA:60s

Figure 4-10 The cross-sectional TEM and the C-V hysteresis of the
fabricated device sample after higher temperature RTO process.
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Figure 4-11 Cross-sectional TEM and EDX (Energy Dispersive
X-ray analysis) of the fabricated device.sample after RTO process.

Fig. 4-12 shows the XPS spectrum of Ge 3d and Co 2p3/2 in the Co- SiysGegs
co-sputtered film after -thermal oxidation process. The Ge 3d XPS spectrum is
displayed in Fig. 4-12 (a).”We found that this peak output occurs between 30 eV and
34 eV. It is believed that the executed oxidation process causes the oxidation of Ge
element. In Fig. 4-12 (b), the Co 2p3/2 XPS spectrum shows three peaks
corresponding to cobalt oxide at about 778eV and upward. This result indicated that
the bulk of cobalt elements are oxidized to cobalt oxide during thermal oxidation

Process.
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Figure 4-12 The XPS spectrum of (a) Ge 3d and (b) Co 2p3/2 in the
Co-Sip5Geg s co-sputtered film after thermal oxidation process in higher
temperature.
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In addition, the electrical current density-voltage (J-V) hysteresis of three
conditions in oxidation duration of the Co-SiysGeos is shown in Fig. 4-13. With the
extension of oxidation duration at different temperature from 60 seconds to 90
seconds, the leakage current exhibited a nearly result about from 102 order to 10™'°

order. It is torrent for carrier stored in charge trapping layer.
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Figure 4-13 The J-V characteristics of the capacitor based on the

Co- Sip5Geg s co-sputtered film with oxidation in different condition.

4.2.2 The discussion

4.2.2.1 Discussion on-electrical characteristics

It is found that the memory window of 6.2V is observed under +7 gate voltage
operation and about 13.2V is observed under £11 gate voltage operation in Fig. 4-14
(a). As the swept voltage is increased to +7 and +11, a more pronounced C-V shift is
observed. The memory effect was observed from the hysteresis capacitance-voltage
(C-V) characteristics of MIS capacitors embedded with the charge storage layer.
According to the theoretical derivation [4-5], i.e. Q= -VpCeontrol, the total charges
trapped in the capacitor can be approximately estimated and the model is schematized
in Fig. 4-14 (b). We could know that the quantity of trapped charge is tied closely

with gate voltage and it is pertinent to tunneling probability.
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(a) he C-V hysteresis of the fabricated device sample

and (b) the quantity of trapped charge after RTO process.

4.2.2.2 Reaction free energy

In pure O,, oxidation of silicon, germanium and cobalt, forming Si0,, GeO, and

CoO occurs following the reaction [4-6]:
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Si+0,-2> SiO,
With a free energy change of /AG=-732.94 kJ/mol
Ge+02-> GeO,
With a free energy change of /AG,=--377.54 kJ/mol, whereas for
X CotY 0,-2 Z CoO
With a free energy change of /AAGs=--142.15 kJ/mol

The amount of Gibbs free energy reduction in forming the silicide phases from
Co and Si elements are known at 727OC, but those are known: it is -88.9 KJ/mole for
CoSi and -95.1 KJ/mole for CoSi,, with a difference of only -7%. [4-7]

The lower value of Gibbs free energy of SiO,, Gibbs free energy of GeO, and
Gibbs free energy of CoO clearly predicts that the Si0O,, GeO, and CoO reaction with
oxygen is thermodynamically more preferable than CoSi,.Cobalt will react with
silicon to form cobalt silicide and aggregate to form dots in the region without

unwanted oxygen.

4.2.2.3 Formation of CoSi, nanocrystal after annealing

From TEM image was showed in the Fig. 4-7 and that show the cross-sectional
TEM and the C-V hysteresis of the fabricated device sample after RTO process.
Co-sputtered film became two separate ports in trapping layer and the C-V hysteresis
which there is large memory window indicates that trapping effect occurs. At high
temperature condition and in the controlled-atmosphere chamber filled with oxygen at
atmospheric pressure, silicon, germanium and cobalt will easily react with oxygen to
form oxide. We also know that aggregation generally occurs at higher temperatures
[4-8]. Fig. 4-10 also shows the cross-sectional TEM and the C-V hysteresis of the
fabricated device sample after RTO process. The difference in temperature between

Fig. 4-7 and Fig. 4-10 there is two hundred degrees. The TEM image in Fig. 4-7
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shows the sample which was annealed in lower temperature. Besides, co-sputtered
film became two separate ports in trapping layer. One of them is clearly observed that
many NCs formed under continuous film and on tunnel oxide by thermal treatment.
We could observe that the trapping effect occurred from its C-V hysteresis. Compare
this with Fig. 4-10, we could find that there are no separate layers and NCs in this
trapping layer after annealing in higher temperature. Besides, there was smaller but
not zero memory window in its C-V hysteresis. Because of them, we could consider
the main trapping effect occurs on the nanocrystal and the oxidized Ge elements
contribute extra charge trap site.

We could know that cobalt oxide, germanium oxide and silicon oxide will be
formed by chemical reactions in the Co- SiysGegs co-sputtered thin film and CoSi,
will become agglomerate. during the annealing process. The TEM image in Fig. 4-7
shows the sample which was annealed in lower temperature. We could observe that
there are two layers in the Co- SigsGepsco-sputtered thin film. The upper layer is a
continuous film which is nonconductors and the lower layer is a discontinuous layer
which is formed with many NCs and we can’t observe it in Fig. 4-10 which was
annealed after annealing in higher temperature.

We could understand the mechanism of CoSi, aggregation and oxidation. First,
Co elements easily diffuse to silicon dioxide such as tunnel oxide or capped oxide.
During the thermal process, the diffusion behavior of Ge and Co dominates the
aggregation of nanocrystals. We know that that various elements will de agglomerate
and oxidize simultaneously. In upper layer, Co, Si and Ge has been oxidized to form
various oxide before agglomerating and form a capped oxide which is similar to
silicon dioxide with various oxide such as CoOx , SiOy and GeO,. It can be found that
Ge and Co tend to diffuse out to the capped oxide obviously. The out-diffused Co and

Ge react with external oxygen to form the cobalt oxide and germanium oxide during
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the process of RTO rapidly. Because there is a capped oxide which is similar to silicon
dioxide in the bottom layer, the driving force for the diffusion of oxygen interstitials
into the Co-SiGe co-sputtered film would be the solubility limit of oxygen at the
anneal temperature. On the other hand, the aggregative growth rate will be greater
than oxidation rate in the bottom trapping layer. From the analysis of material in Fig.
4-9, we could understand that there are molecules with Ge-O, Co-O and Co-Si bonds
in this trapping layer. The same thing may be said of Fig. 4-7. The XPS analysis in
Fig. 4-9 is agreement with observation in Fig. 4-7.

From TEM image was showed in the Fig. 4-10 and that show the cross-sectional
TEM and the C-V hysteresis of the fabricated device sample after RTO process. From
Fig. 4-12 showed the XPS analysis of the trapping layer after annealing at higher
temperature, we could know that there are molecules with Ge-O and Co-O but no
Co-Si bonds in this trapping layer. The same thing may be said of this TEM image
and the XPS analysis of this trapping layer. The oxidation rate will be greater than
aggregative growth rate”in the bottom trapping layer after annealing higher
temperature.

Fig. 4-13 showed the electrical current density-voltage (J-V) hysteresis of three
conditions differed from oxidation duration of the Co- SiysGeg s co-sputtered thin film.
In Fig. 4-13, we could observed that the leakage currents exhibit a nearly result about
from 10™'? order to 10" order. As the sample was oxidized without capped oxide
layer, shown in Fig. 4-15, the Ge elements without any block were out-diffused
seriously. The cobalt elements react with Silicon to form CoSi, and with oxygen to
form CoO. CoSi, will agglomerate when the aggregative growth rate was greater than

oxidation rate in the bottom trapping layer.
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4.3 The role of capped oxide during the formation of
cobalt-silicide (CoSi,) nanocrystals in Ge-doped dielectric

layer

As for co-sputtered thin film which is formed with CoSi, and SiypsGegs.
According to materials, it still was a Co-Si-Ge thin film but the proportion of
materials is different.

Fig. 4-16 (a) (b) shows the C-V hysteresis after bidirectional sweeps, which
implies the electron charging and discharging effects of the metal-oxide-insulator-
oxide-silicon (MOIOS) structure. It can be found that the cobalt silicon germanium
mixed film with capped oxide before RTO treatment shows 4.8V of flat-band voltage
shift under + 7V gate voltage operation. Also, a lager memory window can be
obtained with a lager gate' voltage operation. According the past literature, the
memory window is attributed to the trapping center of cobalt-silicide nanocrystals and
oxidized Ge elements because of the existence of GeOy defective layer. However
there is smaller memory window can be found in the structure without a capped oxide.
Even the swept voltage is increased to + 9 V; a lager flat-band voltage shift still can
not be seen. It can be concluded that mechanism of charge storage between the

structures is different.
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A lager memory window was observed in the cobalt silicon germanium mixed film
with capped oxide after RTO treatment. In order to realize the effect of the capped
oxide during the RTO process, TEM analyzes had been used.

In Fig. 4-17, the structure (a) with and (b) without capped oxide can be appear on
the Cross-sectional TEM. A clear image of nanocrystal can be seen in Fig. 4-17 (a).
Nevertheless, the TEM image of the structure without capped oxide does not reveal
obvious aggregation behavior. It can be found that the capped oxide can enhance the
aggregation of nanocrystals. According the past paper, Gong-Ru Lin et al [4-9]
indicates that the aggregation of nanocrystals can be accelerates through a buffer
oxide[4-10]. Therefore, it can be conclude the capped oxide provides a
heat-accumulation layer to enhance the aggregation of cobalt-silicide nanocrystals in
the cobalt silicon germanium mixed film. Also, the formation of nanocrystals

attributes the trapping centers.
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Figure 4-17 The structure (a) with and (b) without capped oxide can

be appear on the Cross-sectional TEM.
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Fig. 4-18 demonstrates the results of SIMS analysis for the cobalt silicon
germanium mixed film with/without capped oxide. During the thermal process, the
diffusion behavior of Ge and Co dominates the aggregation of nanocrystals [4-11]. It
can be found that Ge and Co tend to diffuse out to the capped oxide obviously in Fig.
4-18 (a). The out-diffused Co and Ge react with external oxygen to form the cobalt
oxide and germanium oxide during the process of RTO rapidly. Therefore, the fully
oxidation of the cobalt silicon germanium mixed film occur with the excessive RTO
treatment. It can be found the amount of Ge in Fig 4-18 (b) becomes less because the
oxidized Ge is easy to volatile. In addition, that the oxidized Co and Ge elements are
difficult to aggregate results in the cake in the front TEM image. Therefore, the
oxidized Co and Ge only attribute an insignificant flat-band shift of Fig 4-16 (b). In
addition, the diffusion behavior still occurred even if the capped oxide was used.
Oxidation is inevitable during the aggregation of nanocrystals through RTO treatment.
However, the capped oxide can restrain the immediate oxidation of the mixed film.
With a slow oxidation, partial cobalt can react with silicon to form cobalt-silicide
nanocrystals [4-12]. From the Fig 4-18(a), the cobalt forms two clumps which is due
to the out-diffused cobalt and the aggregated cobalt-silicide. Then it can be assumed
that the attribution of cobalt silicide nanocrystals, oxidized cobalt and oxidized cobalt

bring about a larger flat-band shift than the structure without capped oxide.
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Moreover, the leakage current in the MOIOS structure is shown in Fig. 4-19. The
lower leakage current could avoid the stored charge leaking into gate through the
blocking oxide to get better retention time for the MOIOS structure. According to the
reported paper, the asymmetry of J-V characteristics in the figure is because when the
applied voltage is swept from 0 to +10V, some negative charges are trapped in the
defects of the dielectric layer, leading to an increase of the injection barrier height and,
therefore, to a decrease of the oxide conductivity. The leakage currents exhibit a

nearly result about from 10" order to 10> order.
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Figure 4-19 The J-V characteristics of the capacitor based on the

Co- Si-Ge co-sputtered film with oxidation in different condition.

In Fig. 4-20 (a), the endurance characteristics of the memory which was base on the
cobalt silicon germanium mixed film after RTO process. It indicates the memory
window can be retained after 10° program/erase cycles at room temperature. In
addition, In Fig. 4-20 (b) exhibits the charge retention characteristics of the memory
which was base on the cobalt silicon germanium mixed film after RTO process at

room temperature. It is found that the carrier charges can be kept after 10* seconds.
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The good electrical reliability characteristics were also obtained in the proposed the
memory which was base on the cobalt silicon germanium mixed film after RTO

process.
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Chapter 5

Conclusion

5.1 Conclusion

In this study, a novel and simple fabrication of CoSi, nanocrystal was proposed
and demonstrated for the application of nonvolatile semiconductor memory. The
memory effect depends on the CoSi, NCs formation during thermal oxidation process.
The superior memory windows and good electrical reliability characteristics can be all
realized in the proposed structure in this work. The obvious memory window is
attributed to both the cobalt-silicide NCs and the trap-rich oxidized Ge elements. We
have realized the procedure of oxidation mechanism when the samples are annealed
with varies material analysis in this study.

We could know that the oxygen diffusion from upper oxide plays an important
role from TEM image, XPS, EDX and so on because oxygen may also be leached
from the SiO,, CoO and GeO,. When the Co-Si-Ge co-sputtered film was annealed at
lower temperature, the aggregative growth rate will be greater than oxidation rate in
the bottom trapping layer. The nanocrystal will be formed in the bottom trapping layer
by aggregative process and upper trapping layer will form continuous layer which is
nonconductor. We could consider the main trapping effect occurs on the nanocrystal
and the oxidized Ge elements contribute extra charge trap site.

We consider that the capped oxide before oxidizing plays an important role. In
addition, this formation method of cobalt-silicide NCs with distributed storage
elements is easy and compatible with the current manufacturing technology of

semiconductor industry. We demonstrate the importance of the capped oxide during
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the formation of the cobalt silicide nanocrystals in Ge-doped dielectric layer. The
structure with a capped oxide reveals an obvious aggregation of cobalt-silicide
nanocrystals. In order to form cobalt-silicide nanocrystals in brief RTO process, a
capped oxide to be the heat-accumulated layer is necessary. In addition, the diffusion
and oxidation behavior are inevitable during RTO process. The capped layer before
RTO process treatment also can retard the diffusion of external oxygen. Therefore, it
can be confirmed that the capped oxide is necessary for the control the aggregation of

cobalt-silicide nanocrystals in Ge-doped dielectric layer.
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Addendum A
Metal Co-Si0, and Co-Si3;N, co-sputtering as
trapping film of Cobalt mixtures and future

development

A.1  Motivation

Compared with the fabricated of cobalt nanocrystal memories surrounded in
various dielectrics by cobalt target sputtered in former chapter and some papers [A-1],

In the past, they fabricated the charge storage layer with Co-Si co-sputtering
system or dual e-guns system. The cobalt nanocrystals will.embed in dielectrics layer
to form memory devices. We know that memory with discrete charge elements allows
more advanced scaling <of tunneling oxide and exhibit superior characteristics
compared to conventional FG structure memories in terms of operation voltage,
write/erase speed, retention and endurance [A-2] to [A-4]. In this work, we describe a
novel technique of fabricating cobalt nanocrystal quasinonvolatile memory
capacitance. Co and Si-CoSi, targets were used to prepare the mixed film on tunnel
oxide with DC guns co-sputtering. Metal cobalt has greater work function than silicon
oxide. For example, Pt is 5,29¢eV, Pt is 4.84eV and Co is 4.18eV. Because of this, the
electrons which trapped in such metal nanocrystals tunnel to the substrate or control
gat will small amount due to the higher electron barrier height, resulting in the
prolonged data retention time. A new method to manufacture cobalt nanocrystals was
proposed in this chapter. The Co and SiO; targets were used to prepare the mixed film

on tunnel oxide with sputter DC and RF guns. Using this method will also be the
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same property. Because the time was not enough and there were no tools measuring
thickness when co-sputtering on the machine. I will anneal with O, to reduce pure
metal cobalt amount because of oxidation and confer on the influence of trapped
effect on it and anneal with N,. As the purpose of this thesis is concerned, it is not
necessary to discuss fabrication of good memory but the memory windows in

different conditions in detail.

A.2  Experimental procedure

P-type silicon wafers with <100> orientation were used for the fabrication of
MIS capacitors. Fig. A-1 (a) and (b) was showed the schematic diagrams of
fabricating procedures for Co-SiO2 and Co-Si3Ny. First, (100) oriented P-type 4 inch
silicon wafers were chemically cleaned. by standard Radio Corporation of America
cleaning (RCA cleaning), followed by thermally growing of a about 5-nm-thick
tunnel oxide at 1000°C by fry-oxidation horizontal furnace system(atmospheric
pressure chemical vapor deposition, APCVD"), and then the oxide measured by N&K
1200 was 45~51 A. The pure Co target was sputtered by a DC power of 100W, the
Si0, target sputtered by a RF power of 100W simultaneously during 2 minutes among
the deposition. Similarly, a co-sputtered film of cobalt and silicon nitride was
deposited on the tunnel oxide by sputtering system. The pure cobalt target was
sputtered by a DC power of 100W and the Si3Njy target sputtered by a RF power of
120W during the same time. After that because the DC power is too large, we
changed its power and depositing time to test. Both the above co-sputtered film
deposited on the tunnel oxide at room temperature with 4.5mtorr pressure of the
chamber. Some characters about cobalt list in table A-1.Next step ,we annealed the
sample with rapid thermal annealing (RTA) for 30s~90s and Furnace for 5

minutes~20 minutes in N, and O, ambient that temperatures was about 550°C~750°C.
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During the annealing process cobalt elements had accumulated to form cobalt

nanocrystals which were embedded between silicon dioxide.

Sputtering Co-Si02,
in Ar ambiance

Tunnel Oxide Snm Tunnel Oxide
P-Sub. P-Sub.

SIOT CO&S\OO ,Tl

O J O d PECVD 50nm SiO, and
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inQO, with thermal coator Blocking Oxide
P-Sub.
Tunnel Oxide
P-Sub.
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Figure A-1 The process flow of structure is (a) S10,/Co-SiO,/

SIOZ/SI and (b) Si3N4/C0- SI3N4/ SlOz/Sl in this work.
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Cobalt general character

Name, Symbol, Number cobalt, Co, 27
Chemical series transition metals
Group, Period, Block 9,4,d
Density 8.90 g~cm'3
) ] 1768 K
Melting point
(1495 °C, 2723 °F)
- ) 3200 K
Boiling point
(2927 °C, 5301 °F)
Heat of fusion 16.06 kJ-mol !
Heat of vaporization 377 kJ-mol ™’
Heat capacity (25°C)24.811] ‘mol K
Work function 4.18¢V
Table A-1 Some character about metal cobalt

After annealing a 50nm SiO, layer was deposited by plasma enhanced chemical
vapor deposition (PECVD) system to form the control oxide. Finally, the Al gate
electrode was patterned and sintered to form metal/oxide/silicon (MOS) structure with
Co nanocrystals. This MOS capacitance structure was prepared for material and

electrical analyses.

A.3  Results and Discussion
Fig. A-2 presents typical bright-field, cross-section TEM images and its Energy

dispersive X-ray spectroscopy (EDX) is an analytical technique used predominantly
for the elemental analysis or chemical characterization of a specimen. EDX provides a
powerful tool for identifying local composition within TEM images and is utilized

extensively in applications ranging from failure analysis to elemental mapping. From
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EDX spectroscopy, we know that what the local elemental composition is and there
are cobalt and oxygen in the dot. It shows the structure of the film which is based on
Co-SiO; co-sputtered film. As illustrated in Fig. A-2, the well-separated and spherical
Co nanocrystals embedded between the control oxide layer and the tunnel oxide layer
were observed clearly. The nanocrystals (the charge storage layer) embedded in
dielectrics layer of metal-oxide—insulator- oxide silicon (MOIOS) memory device was
utilized to capture the injected carriers from the channel, which caused a variation in
the threshold. The insulator layer usually maybe Co-SiO; film or Co-Si3Ny film in this
chapter.

Spectrum 1

Figure A-2 Transmission electron microscopy (TEM) analyses and
its EDX. After annealing cobalt elements had accumulated to form cobalt
nanocrystals which were embedded between tunnel oxide and control
oxide after anneal at 750°C and during 30 seconds.

Fig. A-3 show the forward and reverse capacitance-voltage (C-V) curves for
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as-deposited samples obtained when the gate voltage was first swept from -7V to

+7V (accumulation to inversion, forward sweep) and then from +7V to -7V

(inversion to accumulation, reverse sweep) for Co-SiO, co-sputtered based MIS

structure. In the same way Fig. A-4 show the forward and reverse capacitance-voltage

(C-V) curves for as-deposited samples obtained when the gate voltage was first swept

from —7V to +7V (accumulation to inversion, forward sweep) and then from +7V

to —7V (inversion to accumulation, reverse sweep) for Co-Si3N4 co-sputtered based

MIS structure. One of them is different and the applied voltage also was £9 volts over

and above +7. The bidirectional C-V sweeps were performed from deep inversion to

deep accumulation and in reverse, which exhibited an electron charging effect.
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Figure A-4 The C-V hysteresis of the memory which is based on
Co-Si3Ny co-sputtered file.

We could observe that threshold-voltage shifts were reduced and memory
window also was smaller as the memory was annealed during longer time in Fig. A-3
and Fig. A-4. For a fine example of this phenomenon, the threshold-voltage shifts of
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the memory which was annealed at 550°C during different time were smaller as
annealed time with Rapid Thermal Processing (RTP) system was longer. There is the
same phenomenon in the Co-SiO, co-sputtered film based or the Co-SizN4
co-sputtered film based memory. It is considered that there were less cobalt elements
to form nanocrystals and some cobalt elements to form another chemical compound.
The cobalt reacts with oxygen to make rust during annealing in O,.ambiance. Here is
an example of chemical reactions with the corresponding chemical equation. Cobalt
oxide had large internal resistance [A-5] and therefore cobalt oxide had not been a
good conductor. There is considerable validity in our ratiocination: some cobalt
elements formed another chemical compound during annealing in O, ambiance. It was
shown in figure 3-3 (a)-1, (b)-1, (c)-1 the MOIOS structure have larger memory
window than in figure 3-3 (a)-2, (b)-2, (¢)-2 under £7V C-V sweeping. As the
oxidation time increasing, the threshold-voltage shifts became smaller reversely as
former discussed. The memory effect was observed from the hysteresis
capacitance-voltage (C-V) characteristics of MIS capacitors embedded with the
charge storage layer. According to the theoretical derivation [A-6], i.e. Q= -V,Ceontrol,
the total charges trapped in the capacitor can be approximately estimated and the
model is schematized in Fig. A-5. We could observe that the value of trapped
electrons or holes in memory which was annealed during loner time is lower than the
memory which was annealed during shorter time. The memory windows under =7V
operation for the two types of MOIOS structure were listed in Table A-2. We have
discussed the electrical characteristics of cobalt nanocrystals embedded in silicon
oxide or nitride film during different annealed time. We could know there are the
points to be specially considered. The XPS, also called ESCA, analyses were carried
out with previous ion bombardment cleaning of the sample surfaces. Since the

diameter of X-ray beam is large so that the analyses of XPS were may contributed by
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nanocrystal itself and dielectric layer, such as the embedded dielectric, tunnel oxide or
capped oxide. However, the resolution can not clearly be indicated that the
contribution of nanocrystals. As a consequence, all the XPS peaks show a fairly
valuable contribution from the bonding between the element and oxygen. The XPS
pecks were fitted with fitting program. The values of the binding energy
corresponding to the main contributions for each XPS peaks were exhibited clearly
[A-7]. Because of them, XPS is an effective and widely used surface analysis
technique and therefore we analyzed the material in Co-SiO, and Co-SizNyg

co-sputtered film with XPS.

Stored charges in a MOS capacitor after RTA 60s
' (Co-SI;N, co-sputter 2min).

sotred chargesx10°/ capacitor

holes
-1 % 550°C electrons
—— 650°C electrons

2L % 650°C holes

¢ 750°C electrons
% 750°C holes

-3 1 1 1 1
2 4 6 8 10 12
gate voltage (VQ)
Figure A-5 The relations between gate voltage and flat-band voltage,

stored charges in a MIS capacitor. The insets in this figure the high
frequency C-V relations of MIS capacitors co-sputtered to form the
charge storage film with metal Co embedded in the Si;N4 during different
annealed time respectively.
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Co-sputtered Co-SiO2

Oxidati . :
Hon Shorter tine Longer tine
Time
temperature
o
330°C 2V v
(@)
650°C 1.5V v
(@)
650°C v ov
Co-sputtered Co-SizN,
Oxidati : :
B Shorter tine Longer tine
Time
temperature
O
330°C VAT 1.8V
O
650°C 2.2V 1.2V
O
650°C 1.2V ov

Table A-2 the comparison of memory windows in the memory
which was based on the Co-SiO, co-sputtered film and the Co-Si;N,
co-sputtered film under +£7V operation with their corresponding oxidative
conditions.
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Fig. A-6 shows the XPS (ESCA) spectra of Co 2p3/2 peaks in the memory which
is based on Co-SiO, co-sputtered film. It is found that the Co 2p3/2 peak is a
superimposition of many peaks. We could observe that there are Co-O bonds and
Co-Co bonds in this film after annealed process. By the same token, we also observed

Co-Si3Ny4 co-sputtered film which was annealed. They were showed in Fig. A-7.

O  raw intensity
Peak sum

Intensity x 10° (a.u.)

782 780 778 776

Binding energy (eV)

Figure A-6 The XPS spectra of Co 2p3/2 peaks in the memory
which is based on Co-SiO, co-sputtered film.
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: | (XPS) ESCA RTA:550°C 60s

Counts(10%)

Binding Energy(eV)

(a)

ESCA RTA:750°C 60s

Counts(10%

780 778

Binding Energy(eV)

(b)

Figure A-7 The XPS spectra of Co 2p3/2 peaks in the memory
which is based on Co-Si;N, co-sputtered film.
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From Fig.A-6 and Fig. A-7, the point to observe is that cobalt elements will react
with oxygen to make cobalt oxide during oxidation process. We could
represent this assumption in XPS diagrams as follows. The lower pure Co elements in
the oxidized film (replaced by Co-O) cause the lower memory effect. The partial
contribution of Co nanocrystals transferred to the cobalt oxide dielectric after thermal
oxidation.

As the discussion said, there was no memory window in the samples which was
annealed during longer time but obvious memory characteristics in that with during
shorter time. To compare the two entirely different results, the series of SIMS
analyses of the Co-Si3N4 and Co-SiO; co-sputtered film. Fig. A-8 (a) shows the SIMS
analysis of Co-SiO; co-sputtered film which was annealed during 60 sec in different
temperature ambiance. By the same token, Fig. A-8 (b) shows the SIMS analysis of
Co- Si3Ny co-sputtered. film which was annealed during 60 sec in different
temperature ambiance. We observed that it is enough to prove that this hypothesis is

true.
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(b)
Figure A-8 (a) the SIMS analysis of Co-SiO, co-sputtered film

which was annealed during 60 sec in different temperature ambiance (b)
the SIMS analysis of Co-Si3;04 co-sputtered film which was annealed

during 60 sec in different temperature ambiance.
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The current density-voltage (J-V) characteristics of the memory which is based
on the Co-SiO; and Co- Si3N4 co-sputtered film. It is shown in Fig. A-9. We could
know that the leakage current exhibited a nearly result about from 10° order to 10"
order after annealing during 30 sec. Other annealing time and temperature is quite

similar to this.

| Co-Si0, Lo | Cosin,
1.2e-9 4
a4 1.1e-9
Ng _ 9.0e-10]
£ 5
6 3 7.5e-10+
g " 6.0e-10]
2
1 3.0e-10+
1.5e-104
0 T T 0.0 T y T
-10 -5 0 5 10 -10 -5 0 5 10
V,(Volt) V,(Volt)
@) (b)
Figure A-9 The J-V characteristics of the memory which is based (a)

on the Co-Si0, co-sputtered film (b) onthe Co-Si3N, co-sputtered film

The endurance characteristics of the MOIOS with Co nanocrystals embedded in
the co-sputtered film are illustrated in Fig. A-10. One (Fig. A-10 (a)) of them is the
memory that was based on Co-SiO, co-sputtered film and another (Fig. A-10 (b)) is
the memory that was based on Co-SizN4 co-sputtered film. Pulses (Va=%5V) were
applied to evaluate endurance characteristics for the Program/Erase operation. The
schematic plots indicated the memory windows can be retain as their initial values
after 10° program/erase cycles at room temperature. The same thing may be said of

other conditions.
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The endurance characteristics of the MOIOS with Co

nanocrystals embedded in the (a) Co-Si0, and (b) Co- SizNy4 co-sputtered

film

The retention characteristics of the memory which is based on Co-SiO,

co-sputtered film were measured at room temperature, as shown in the Fig. A-11. In

Fig. A-11, the good retention characteristics and thememory effect without

significant decreasing up to 10*s can be founded.
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Figure A-11 The charge retention characteristic of memory which

was based on Co-Si0,; co-sputtered film.
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A.4  Summary and future development

Cobalt nanocrystals embedded in SiO; or Si3;Ny4 layer has been fabricated by
using co-sputtered pure Co metal target and SiO, or SizNy4 physically target with
appropriate control of the process temperature and oxidative time. We could observe
that the cobalt reacts with oxygen easily make cobalt oxide during oxidation process.
When quantities of metal element were too many to form nanocrystals, oxidation
process will reduce amount of pure cobalt element. When the sample was reduced
amount of pure cobalt element, the cobalt-cobalt oxide nanocrystals were well formed.
The ease Co nanocrystals formation technology is also demonstrated by co-sputtering
Co target and SiO,/Si3N, target afterthermal oxidation. In this thesis, we annealed the
sample in O, to reduce amount of pure cobalt element. Why didn’t we directly reduce
quantities of metal element during-sputtering? We have no time and there are no
measuring thick tools on the sputtering system. Taking into account the fact that the
experiment was carried -out under adverse condition, the results were reasonably
reliable. Because of those, we encounter difficulties when we were sputtering. We
were obliged to abandon the plan. There is still room for the study on the Co

nanocrystals formation technology.

A.5  Future development

We know that there is still room for the study on the Co nanocrystals
formation technology and the cobalt reacts with oxygen easily make cobalt oxide
during oxidation process. We could take a similar view. Cobalt nanocrystals
embedded in SiO, or SizN4 layer can be fabricated by using co-sputtered pure Co
metal target and SiO, or SizN4 physically target with appropriate control of the

process temperature. What difference does it make? Oxidation of the process is
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canceled as it would reduce pure cobalt element.
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Addendum B
Observations of metal Co-Al,O; co-sputtering

and future development

B.1 Motivation

In previous sections, we have discussed the electrical characteristics of cobalt
nanocrystals embedded in silicon oxide or silicon nitride film and we look some
papers about high-k material [B-1] [B-2]. We could know that Al,Os is high-k
material from reference [B-1]. Besides, we also know that barrier height between Si0O,
and AL,Oj; is not high, about 0.7 eV, but the trap level is very deep form reference
[B-3], therefore we chosen Al,Osas high-k material we study and expected that the
material show the lowest charge loss. We will focus on Co-Al,O3 co-sputtered film
and discuss the future development about this material for memory devices. We will
observe this material of the effect on trapping charge and we investigate the physics

mechanism of these phenomena preliminarily.

B.2 Experiment Procedures

Fig. B-1 indicates a schematic of experimental procedures. This nonvolatile
memory-cell structure in this letter was fabricated on a 4 inch p-type silicon (100)
wafer. First, single-crystal 4 inch p-type silicon (100) wafers were chemically cleaned
by standard RCA cleaning. The wafers were followed by a thermal oxidative process
to form about 5-nm-thick dry SiO, layer as a tunnel oxide in an atmospheric pressure
chemical vapor deposition (APCVD), we also call it Dry-Oxide-system furnace. After

the growth of tunnel oxide we measure the thick with N-K 1200 and its thick was
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about 4.5~5.6 nm. The co-sputtered film Co-Al,O; was deposited onto the tunnel
oxide sputtering system the following step. Among the deposition, the pure Co target
sputtered by a DC gun of 100W power and the Al,Os target by RF gun of 150W
power simultaneously during 2 minutes. The co-sputtered film of cobalt and
aluminum oxide was deposited onto the tunnel oxide by sputtering system. The
co-sputtered film was deposited at room temperature with 4.5mtorr pressure of the
chamber which was full argon. The basic principle of Al,O; sputtering machine is

sputter Al,O3 sample into particles by Ar particles.

Sputtering Co-ALO;  ~20nm
Tunnel Oxide s AT AbIZECR Tunnel Oride
P-Sub. P-Sub.
RTA thermal
Al anncaling in N,
Blocking Oxide
PECVD 50nm Si0, and

Al electrode deposition
with thermal coator

Tunnel Oxide Tunnel Oxide
P-Sub. P-Sub.
Al
Figure B-1 The process flow of the structure with Al,O;-Co

co-sputtered film.

Next step, we annealed the samples with rapid thermal annealing (RTA) system
for 30s~90s in N, ambient that temperatures was about 550°C~750°C. During the
annealing process cobalt elements had accumulated to form cobalt oxide or cobalt
nanowires which were surrounded by cobalt oxide- aluminum oxide.

Subsequently, a50nm SiO, was deposited by plasma enhanced chemical vapor

deposition (PECVD) system and was control oxide. Finally, the Al gate was
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evaporated to form thin film as Al gate electrode with thermal evaporation coater and
the samples will form metal/oxide/silicon (MOS) structure. This MOS capacitance

structure was prepared for material and electrical analyses.

B.3 Results and Discussion

The charge storage layer embedded in dielectrics layer of metal-oxide—insulator
-oxide silicon (MOIOS) memory device was utilized to capture the injected carriers
from the channel, which caused a variation in the threshold voltage of the memory
device. The charge storage effects in these memory structures were measured using
capacitance-voltage techniques in.these co-sputtered film structures. Fig. B-2 show
the forward and reverse capacitance-voltage (C-V) curyes for as-deposited samples
obtained when the gate voltage was first swept from -7V to +7V (accumulation to
inversion, forward sweep) and then from +7V to —7V (inversion to accumulation,
reverse sweep) for Co-AlLOs co-sputtered based MIS structure. The bidirectional C-V
sweeps were performed from deep inversion to deep accumulation and in reverse,
which exhibited an electron charging effect. We could observed that the memory
window is about 3V (AVy@=3V) and 1.8V (AVy=1.8V) after the sample was annealed
at high temperature and the charge storage effects in these memory structures were a
large number. Based on the illustrative band diagram shown in Fig. B-3, when the
applied voltage is sufficiently high, Fowler-Nordheim (FN) tunneling of electrons
from Si substrate to the charge storage layer /; and that from the charge storage layer
to gate I, could occur simultaneously. Electrons were trapped in the charge storage
layer with positive applied voltage at metal gate during programming. On the contrary,
the holes might tunnel from the valence band of the Si substrate and recombined with

the electrons trapped in the charge storage layer, or the electrons tunnel back to the Si
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substrate from the charge storage layer during erasing

operation.
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Figure B-2 The C-V characteristics of Al/SiO, “The charge

storage layer”/ SiO,Si-based as MIS structure, showing hysteresis of
as-deposited and after PTA at 650 'C and 750 'C measured. The curves

were obtained by gate voltage sweeping from forward to reverse and
back.
v, E
-t II
- D=
®2
the Sio,
_ charge
storage
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Al electrode
Figure B-3 The illustrative band diagram of a MIS structure

(Al/S10, “The charge storage layer”/ SiO,,Si) with positive applied
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voltage at metal gate.

We could observe that different temperature and time conditions play important
roles in generating the asymmetrical change in the memory window from Fig. B-4. It
was showed the C-V hysteresis of this structure with two different conditions in
temperature and two different time conditions in every temperature condition. We
could observe that smaller memory window under +7V C-V sweeping was obtained
on Fig. B-4(a) and Fig. B-4(c). As RTP time was longer, the threshold-voltage shifts
were increasing and memory window was 7V and 4V under +7V, It was shown on the
Fig. B-4(b) and Fig. B-4(d). The results revealed that temperature and annealing time
appears to be an important. variable in the memory window. It is considered that there
were some Co elements combines with Al,O3; to form- chemical compounds or

agglomeration to form crystals in the charge storage layer.
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Figure B-4 The C-V characteristics of Al/SiO, “The charge

storage layer”/ Si0O,,Si-based as MIS structure, showing hysteresis of
as-deposited and after PTA at 650 'C and 750 'C measured during
different time. The curves were obtained by gate voltage sweeping from
forward to reverse and back.

The memory effect was observed from the hysteresis capacitance-voltage (C-V)
characteristics of MIS capacitors embedded with the charge storage layer. According
to the theoretical derivation [B-4], i.e. Q= -V Ceontrol, the total charges trapped in the
capacitor can be approximately estimated and the results are shown in Fig. B-5. We

could observe that the value of trapped electrons or holes in Co-Si3N4 co-sputtered
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film is lower than that in Co-Al,O3 co-sputtered film. This diagram tells us that the
Co-Al,O3 co-sputtered film as the charge storage layer is a very good material for

memory devices.

stored chargesxlOS/capacitor

a —— v —— A|203 electror;
2 —e— Si 3 N 4  electron o
—_— A — Si,N, hole
-3 1
o AlLO o 9

»4 1 1 1 1 1 1 1

1 2 3 4 5 6 7 8 9

Vg(volt)
Figure B-5 The relations between gate voltage and flatband

voltage, stored charges in a MIS capacitor. The insets in this figure the
high frequency C-V relations of MIS capacitors co-sputtered to form the
charge storage film with metal Co embedded in the Al,O; and SizNy
respectively.

What did the Co-Al,Os co-sputtered film happened during the RTA process? We
were so interested in that. XPS, also called ESCA, is an effective and widely used
surface analysis technique and therefore we analyzed the material in Co-Al,O3
co-sputtered film with XPS. Fig. B-6 showed that there are chemical bonds of Co-Co,
Co-O and Al-O in the Co-Al,Os co-sputtered film after annealing in N, ambiance
[B-5] [B-6]. Because of them, we considered that cobalt may react with aluminum
oxide during annealing to make aluminate spinels. The CoyAl,O, is an aluminum
transition metals oxide which falls into the category of aluminate spinels [B-7] [B-8].
Further research on XRD material analysis would clarity what binding energy exist in
this material is.
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Figure B-6 The XPS (ESCA) spectra of Co-O and Al-O peaks in

Co-Al,O3 co-sputtered film after RTA annealing in N, ambiance. We
could know that is Co,Oy-Al,O,, mixture clearly.
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Fig. B-7 showed the Transmission Electron Microscope (TEM) image of the
Co-AlL,O3 co-sputtered film. We could observe that cobalt come into being
Discontinuous grains after annealing and the annealed film shows a strong contrast of
Co grains and the remanent (Co,Al;—,) ;O3-, matrix [B-9]. The average width of the
Co grains is about 2—3 nm and the average length of the Co grains is about 10 nm to
20nm. It is quite likely that annealing temperature and time determine the chemical
reaction in the Co-Al,O3 co-sputtered film and this chemical reaction made cobalt
grains discontinuous. When we annealed during shorter time with RTA system, the
memory window will be smaller. The memory effect was the sum of contributions
from the charge trapping. When we annealed during shorter time, metal cobalt
element had not been discontinuous grains and amount of cobalt element was too
large to trap charges. We,could observe.this phenomenon from Fig. B-4 (a) and Fig.
B-4 (c). When we annealed during longer time with RTA system, the memory
window will be larger. The memory effect was the sum of contributions from the
charge trapping. Therefore, it seems reasonable to conclude that metal cobalt element
will be shown in discontinuous grains form and amount of pure metal cobalt element
reduce after we annealed during longer time. The charges are stored in distributed
grains and trapping centers of the Coyich-(CoxAl1 ) ,O3— film. We could observe this

phenomenon from Fig. B-4 (b) and Fig. B-4 (d).
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L

Figure B-7 The TEM image of Co-Al,O; co-sputtered film and its
EDX.

The current density-voltage (J-V) characteristics of the memory which is based
on Co-Al,O3 co-sputtered film. It is shown in Fig. B-8. We could know that the
leakage current exhibited a nearly result about from 10* order to 10° order after
annealing during 60 seconds. The endurance characteristics of the MOIOS with Co
discontinuous grains embedded in the (CoxAl;x) ,Os-y are illustrated in Fig. B-9.
Pulses (Vg=£5V) were applied to evaluate endurance characteristics for the

Program/Erase operation. The schematic plots indicated the memory windows can be
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retain as their initial values after 10° program/erase cycles at room temperature.

le-8
The I-V characteristics of Co-Al,O, co-sputtered
based film based memory
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Figure B-8 The I-V characteristics of the memory which is based

on Co-Al,O; co-sputtered film with 750°C. annealing process during 60
seconds.
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Figure B-9 The endurance of the memory which is based on

Co-Al,O5 co-sputtered film.

B.4 Summary

From the XPS (ESCA) schematic plots and TEM image, these results lead us to

the conclusions that the containments of samples changed during annealing treatment.
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The Coyich-CoxOy-AlOy (Corich- (CoxAli—x) ,03-y) film is very nice material to trap
charges. There are numerous trapping center of the charge, one of them is
discontinuous grain and one of them is the trap level of the (CoxAl;—) O3y such as
Al,O5 film. Those seem reasonable to conclude that metal cobalt element will be
shown in discontinuous grain form and amount of pure metal cobalt element reduce
after we annealed during longer time. The charges are stored in distributed

discontinuous grain and trapping centers of the Coyicp-(CoxAl; ) .03y film.

B.5 Future development

In the future, we could chose this material (Coyich- (CoxAlj—) ,O3-y) to fabricate
the memory which is based ‘on discontinuous grain and material (CoxAl; ) ,O3 to
fabricate SONOS structure memory with co-sputtering deposition film process such
as reference [B-1]. Those are showed in Fig. B-10. Further research on X-ray
diffraction analysis (XRD) material analysis.or.other would clarity what kind of this
material is. There is still room for research in (CoxAli—«) ;03— —based memory. Taking
into account the face that the experiment was carried out under adverse conditions, the

results were reasonably reliable.
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The discontinuous grain memory
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Figure B-10 (a) The discontinuous grain memory with material
(Coich- (CozAl1—y) ,05-y) and (b) the SONOS structure memory with
material (CoxAl;—) ;03—
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