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Study on the Application of Co-Si-O Nanocrystal
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Student: Shueh Pei-Kun Advisor: Dr. Chun-Yen Chen

Department of Electronic Engineering and Institute of

Electronics National Chiao Tung University

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 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 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.
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Among the Metal Silicide, cobalt-silicide (CoSi2) has been widely used as a contact

source due to the lowest resistivity value ( 10-20 ~ ¢ {2cm) and good thermal stability. In

this thesis, CoSiz 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.

Sputtering approach was used to deposit the mixed cobalt and silicon film.
After rapid temperature oxidation (RTO), Novel cobalt silicide nanocrystals
embedded in the dielectrics. 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)
and X-ray photoelectron spectroscopy (XPS) have been used to analyze

formation of the cobalt-silicide nanocrystals.
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Chapter 1

Introduction

1.1 Overview of Nonvolatile Memory

Today, flash memory find wide applications and are considered as a technology
driver for semiconductor industry in the next generation. It can be classified into two
major markets: code storage application and data storage application. NOR type flash
memory [1.1] is most suitable for code storage application, such as cellular phones, PC
bios, and DVD player. NAND type flash memory [1.2] has been targeted at data storage
market, which is an emerging application such as PDA, memory cards, MP3 audio
players, digital cameras, and USB flash personal disc. These products all are based on
flash memory that is nonvolatile and can keep stored information also when the power
supply is switched off. Flash memory also has exhibited several advantages, such as the
ability to be electrical programmed and fast simultaneous block electrical erased in a
single-cell, smallest cell size to achieve highest chip density, and good flexibility
[1.3-1.4]. 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 EPROMs (Erasable Programmable
Read Only Memory) and EEPROMs (Electrically Erasable Programmable Read Only
Memory). Since flash memory possesses these key advantages, it has become the
mainstream nonvolatile memory device nowadays.

In 1967, D. Kahng and S. M. Sze invented the floating-gate (FG) nonvolatile
semiconductor memory (or flash memory) at Bell Labs [1.5]. The conventional
floating-gate device structure is shown in Fig. 1-1. The FG acts as the storing electrode
and is electrically governed by a capacitively coupled control gate (CG). Charge injected
in the FG is maintained there, allowing the difference between threshold voltages of the
cell transistor for nonvolatile memory application.

Recently, nonvolatile memory devices are moving toward high density memory

array, low cost, low power consumption, high-speed operation, and good reliability.



Although conventional flash memory does not require refreshing and thus consumes less
power and achieves much higher array density with a stacked floating gate structure.
However, floating-gate flash memory is much slower to operation and has poor
endurance. In order to improve the write/erase speed of a floating-gate device, the
thickness of the tunnel oxide must be reduced. But conventional FG memory devices
have limited potential for aggressive scaling of the tunnel oxide thickness. The tunnel
oxide must be thin enough to allow quick and efficient charge transport to and from FG.
On the other hand, the tunnel oxide needs to provide superior isolation under retention,
endurance, and disturbed conditions in order to guarantee the data integrity for 10 years.
For faster operation speed, thin tunnel oxide is desirable. However, it is desirable to
increase the thickness of tunnel oxide for better isolation and reliability. So there is a
trade-off between speed and reliability for the optimum tunnel oxide thickness. Currently,
commercial flash memory devices use tunnel oxide thicker about 8-11 nm, which results
in high programming voltage and slow programming speed [1.6].

To alleviate the tunnel oxide design trade-off for floating-gate memory devices,
memory-cell structures employing discrete traps as charge storage media have been
proposed. In the conventional floating gate flash memory, if there is one defect created in
the tunnel oxide, all the charges stored on the floating-gate will leak back to the channel
or the source/drain through the weak spots. Unlike conventional continuous floating gate,
charges stored in discrete nodes cannot easily redistribute amongst themselves. Therefore,
only a relatively small number of nodes near the oxide defects will be affected. Local
charge storage in discrete nodes enables more aggressive scaling of the tunnel oxide by
relieving the total charge loss concern. There are two promising candidates, SONOS
[1.7-1.9] and nanocrystal nonvolatile memory devices [1.10-1.12], that have been
demonstrated to lead to an improvement in retention time compared with conventional
floating gate memory. Hence the tunnel oxide thickness can be reduced to allow faster

programming and lower voltage operation.

1.1.1 SONOS Nonvolatile Memory Devices

The first nitride-base devices is metal-gate nitride device MNOS

(Metal/Nitride/Oxide/Silicon) which was reported in 1967 by Wegener et al [1.13].



However, it is well known that silicon nitride film contains many carrier traps which
cause threshold voltage shift. Then the silicon nitride trap-based devices are extensively
studied for charge storage device application in the early 70s. Fig. 1-2 illustrates the
progression of device cross section, which has led to the present SONOS device structure.
Initial device structures in the early 1970s were p-channel metal-nitride-oxide-silicon
(MNOS) structures with aluminum gate electrodes and thick (45nm) 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 SNOS devices with write/erase voltages of
14-18 V. In the late 1980s and early 1990s, n- and p-channel SONOS devices emerged
with write/erase voltages of 5-12 V. The advantages of the ONO triple dielectric structure
are: (1) lower programming voltage since the blocking action of the top oxide removes
any limitation on the reduction of the nitride thickness; (2) charge injection from and to
the gate electrode is minimized for both gate polarities, particularly for hole injection; (3)
improved memory retention since there is minimal loss of charge to the gate electrode.

The SONOS (poly-Silicon-Oxide-Nitride-Oxide-Silicon) memory devices, as shown
in Fig. 1-3, have attracted a lot of attention due to its advantages over the traditional
floating-gate flash device. These include reduced process complexity, high speed
operation, lower voltage operation, improved cycling endurance, and elimination of
drain-induced turn-on [1.14-1.16]. The main difference between floating-gate and
SONOS structure is the method of charge storage. The charge storage media in the
floating-gate structure is the conducting polysilicon floating-gate electrode. In the
SONOS memory structure, charges are stored in the physical discrete traps of silicon
nitride dielectric. A typical trap has a density of the order 10'®-10" c¢m™ according to
Yang et al [1.17] and stores both electrons and holes injected from the channel. The
charges cannot move freely between the discrete trap locations, hence the SONOS
memory device is very robust against the defects inside the tunnel oxide and has good
endurance.

The SONOS memory devices still face challenge in the future for high density
nonvolatile memory application, which requires low voltage (< 5V), low power
consumption, long-term retention, and superior endurance. Various approaches have been

proposed for improving the SONOS performance and reliability. Chen et al.



demonstrated a Si3N4 bandgap engineering (BE) control method for better endurance and
retention. A nitride with varied relative Si/N ratio throughout the film has increased the
charge-trapping efficiency significantly [1.18]. Tan et al. showed that over-erase
phenomenon in SONOS memory structures can be minimized by replacing silicon nitride
with HfO, as the charge storage layer. The charge retention and endurance performance
is improved by the addition of 10% Al,O; in HfO, to form HfA1O, while maintaining the
over-erase resistance of HfO, [1.19]. She et al. demonstrates that high-quality nitride is
applied as the tunnel dielectric for a SONOS-type memory device. Compared to control
devices with SiO;, tunnel dielectric, faster programming speed and better retention time
are achieved with low programming voltage [1.20]. Lee et al. presents a device structure
of S10,/SiN/AL, O3 (SANOS) with TaN metal gate. It is demonstrated that the use of TaN
metal gate blocks electron current through Al,Os; layer more efficiently than a
conventional polysilicon gate, resulting in faster program/erase speed and significant
decrease of the saturation level of the erase Vr [1.21].

Chen et al. studies a polycrystalline silicon thin-film transistor (poly-Si TFT) with
oxide/nitride/oxide (ONO) stack gate dielectrics and multiple nanowire channels for the
applications of both nonvolatile silicon-oxide-nitride-oxide-silicon (SONOS) memory
and switch transistor [1.22]. The proposed NW SONOS-TFT exhibits superior memory
device characteristics with high program/erase efficiency and stable retention
characteristics at high temperature. Such a SONOS-TFT is thereby highly promising for
application in the future system-on-panel display applications.

New device structures are also indispensable in making flash memory more scalable.
Since SONOS flash memory offers a thinner gate stack than floating gate flash memory,
and a FinFET structure controls the short channel effect much better than a bulk structure.
It has been demonstrated that the FinFET SONOS flash memory devices with a much
smaller cell size can provide both excellent performance and reliability. Therefore,
FinFET SONOS memory has potential to become the candidate for the next generation
flash memory [1.23-1.24].

1.1.2 Nanocrystal Nonvolatile Memory Devices

Nanostructure nonvolatile memories are first introduced in the early 1990s. IBM

4



researchers first proposed flash memory with a granular floating gate made out of silicon
nanocrystals [1.25]. Fig. 1-4 illustrates conventional nanocrystal nonvolatile memory
(NVM) device structures. It is observed that the nanocrystals are separated from each
other within the gate dielectric. The term “nanocrystal” refers to a crystalline structure
with a nanoscale dimension and its electronic properties seem more similar to an atom or
molecule rather than the bulk crystal. For a nanocrystal NVM device, the charge storage
media is in the form of mutually isolated nanocrystals instead of the continuous
polysilicon layer. The limited size and capacitance of nanocrystals limit the numbers of
stored electron, collectively the stored charges screen the gate charge and control the
channel conductivity of the memory transistor.

Nanocrystal-based NVM devices have recently received much attention due to their
potential to overcome the limitations of conventional polysilicon-based flash memory.
Using nanocrystals as charge storage media offers several advantages, the main one being
the potential to use thinner tunnel oxide without sacrificing non-volatility. This is a quite
attractive proposition since reducing the tunnel oxide thickness is a key to lowering
operating voltages and/or increasing operating speeds. This claim of improved scalability
results from the local charge storage in discrete nodes, which makes the storage more
fault-tolerant and immune to the leakage caused by localized oxide defects. Further, the
lateral charge migration effect between nanocrystals can be suppressed by the strongly
isolation of surrounded dielectric. There are other important advantages though. First,
nanocrystal memories use a more simplified fabrication process as compared to
conventional stacked-gate FG NVM’s by avoiding the fabrication complications and
costs of a dual-poly process. Second, due to the absence of drain to FG coupling,
nanocrystal memories suffer less from drain-induced-barrier-lowering (DIBL) and
therefore 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 [1.26]. Alternatively, it allows the use of shorter channel lengths and
therefore smaller cell area. 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.

Research in this regime has focused on the development of fabrication processes and



nanocrystal materials, and on the integration of nanocrystal-based storage layers in actual
memory devices.

The fabrication of a nonvolatile memory cell requires a perfect control of four main
parameters: (1) the tunnel oxide thickness, (2) the nanocrystal density, (3) the nanocrystal
size, and (4) the control oxide thickness. An important consideration is the average size
and aerial density of the nanocrystals. Larger-size nanocrystal array provides higher
program/erase efficient due to small quantum confinement and coulomb blockade effects,
and hence larger tunneling probability. However, it is desirable to reduce the nanocrystal
size for better reliability (stress induced leakage during retention). So there is a trade-off
between programming speed and reliability in selecting the nanocrystal size. A typical
target is a density of at least 10'* cm™, and requires nanocrystal size of 5 nm and below.
Moreover, good process control is needed with regards to such nanocrystal features as:
planar nanocrystal layer; inter-crystal interaction (lateral isolation); and crystal doping
(type and level). Finally, it is preferred that that the fabrication process is simple and that
it uses standard semiconductor equipment.

After the first proposal of a memory transistor using silicon nanocrystals as floating
gates. In order to improve the data retention in NVM, double layer Si nanocrystals
memory has been investigated [1.27]. It seems interesting to use Ge nanocrystals rather
than Si nanocrystals because of its smaller band gap. Indeed King and Hu have recently
demonstrated the superior memory properties of Ge based nanocrystal memories over
those based on Si [1.28]. Recently, germanium/silicon (Ge/Si) nanocrystals have been
reported to possess superior charge retention capability than Ge or Si nanocrystals. This
is due to the fact that Ge has a smaller band gap than Si and thus by introducing a Si
interface around the Ge nanocrystal, it would create an additional barrier height at the
Ge/Si interface which makes it harder for electrons to leak out of the nanocrystal
[1.29,1.30]. However, semiconductor nanocrystal memory may not be the ultimate
solution to nonvolatile memory scaling, although it still attracts a lot of attention now.

In optimizing nanocrystal NVM devices, the ideal goal is to achieve the fast
write/erase of DRAM and the long retention time of Flash memories simultaneously. For
this purpose we need to create an asymmetry in charge transport through the gate

dielectric to maximize the I, write/Erase/ LG, Retention ratio. One approach for achieving this



goal is to engineer the depth of the potential well at the storage nodes, thus creating a
small barrier for writing and a large barrier for retention between the substrate and the
storage nodes. This can be achieved if the storage nodes are made of metal nanocrystals
by engineering the metal work function. The major advantages of metal nanocrystals over
semiconductor nanocrystals include higher density of states around the Fermi level,
scalability for the nanocrystal size, a wide range of available work functions, and smaller
energy perturbation due to carrier confinement [1.31]. In addition, an electrostatic
modeling from both analytical formulation and numerical simulation is demonstrated that
the metal nanocrystals will significantly enhance the electric field between the
nanocrystal and the sensing channel set up by the control gate bias, and hence can
achieve much higher efficiency in low-voltage P/E [1.32].

Toward better NVM device performance and reliability, numerous attempts have
been made using metal nanocrystals. Liu et al. reported the growth of Au, Pt, and Ag
nanocrystals on SiO, using an e-beam deposition method [1.31]. Lee et al. proposed a
NVM structure using the Ni nanocrystals and high-k dielectrics [1.33]. Chen et al. present
the stacked Ni silicide nanocrystal memory was fabricated by sputtering a comix target
followed by a low temperature RTO process [1.34]. W nanocrystals on
atomic-layer-deposited HfAIO/Al,O; tunnel oxide were presented for application in a
memory device [1.35]. Using W nanocrystal double layers embedded in HfAIO to
enhancement of memory window was demonstrated from the short channel devices down
to 100nm [1.36]. Tang et al demonstrate that a chaperonin protein lattice can be used as a
template to assemble PbSe and Co nanocrystal arrays for Flash memory fabrication. This
provides a new approach to achieve a high density and good distribution uniformity
nanocrystal array [1.37].

In the future, the primary drivers behind nanocrystal memories are the potential to
scale the tunnel oxide thickness, resulting in lower operating voltages, and the simplicity
of a single poly-silicon process. But there are still challenges await nanocrystal memories
in the long road to commercialization. Nanocrystal memories have yet to deliver on most
of their promises. In reality, part of the voltage gain is offset because of the poor control
gate coupling. For fabrication processes, it is hard to control the uniformity of the

nanocrystal size and their physical locations in the channel. It is not a surprise that



nanocrystal memories exhibit large device-to-device variation. Moreover, it has yet to be
demonstrated that both the nominal and the statistical retention behavior are sufficient to
meet true non-volatility requirements. Although single-dot memories have been
demonstrated [1.38,1.39], but a more fundamental understanding of the scaling limits of
nanocrystal memories is necessary, concentrating especially on the aspect of controlling
channel conductance when relying on only a few discrete charge centers [1.40]. Finally,
in order for that to happen, their claimed benefits will need to be more unambiguously
substantiated, and a more appealing bundle of memory features will have to be

demonstrated.

1.2 Motivation

Because the portable electronic products have been widely applied, we have 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 SiO2 layers has been
widely studied, and strong memory effect in MOS devices were reported . 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 (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 (CoSi2) has been widely used as a contact source due to the lower
resistivity value (10-18u€/cm) and good thermal stability . Over the past years, several
studies have been made on the memory that was based on Co or CoSi2 nanocrystals.

CoSi2 thin films are often employed in the semiconductor technology.

1.3 Organization of This Thesis

In chapter 1, general background of flash nonvolatile memory, SONOS nonvolatile

memory and nanocrystal nonvolatile memory devices were introduced.
In chapter 2, basics of program/erase operation for memory device were discussed.
In chapter 3, Cobalt-Silicide thin-film thermal treatment in O2 ambient.
In chapter 4, Cobalt-Silicide thin-film thermal treatment in N2 ambient.

In chapter 5, Co-Si-O deposited by sputtered CoSi2 in oxygen ambient.
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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.
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Figure 1-2 The development of the gate stack of SONOS EEPROM
memory devices. The optimization of nitride and oxide films has been
the main focus in recent years.
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Figure 1-3 The structure of the SONOS nonvolatile memory device.
The nitride layer is used as the charge trapping media.
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Figure 1-4 The structure of the nanocrystal nonvolatile memory device.
The semiconductor nanocrystals or metal nanocrystals are used as the
charge storage element instead of the continuous poly-Si floating gate.
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Chapter 2
Basic Principle of Nonvolatile Memory

2.1 Introduction

There is a widespread variety of Nonvolatile Memory (NVM) devices, and they all
show different characteristics according to the structure of the selected cell and the
complexity of the array organization. A NVM memory cell has to commute from one
state to the other and that can store the information independently of external conditions.
There are several methods to achieve the NVM memory characteristic, such as transistor
Vr shifts, charge displacements, and resistance change [2.1]. In this thesis, we focus on
one solution that a transistor with a threshold voltage that can change repetitively from a
high to a low state, corresponding to the two states of the memory cell. Most operations
with a shift in the threshold voltage on novel nonvolatile memories, such as nanocrystal
and SONOS memories are base on the concept of Flash memory. If a datum has to be
stored in a bit of the memory, there are different procedures. The threshold voltage shift

of a Flash transistor can be written as [2.2][2.3]:

where Q s the charge weighted with respect to its position in the gate oxide, and the
capacitances between the floating gate and control gate. The threshold voltage of the
memory cell can be altered by changing the amount of charge present between the gate
and the channel, corresponding to the two states of the memory cell, i.e., the binary
values (“1” and “0”) of the stored bit. Figure 2-1 shows the threshold voltage shift
between two states in a Flash memory. 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”.
In this chapter, we will discuss program/erase mechanisms from the relation
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between bias and energy band bending. Tunneling injection, channel hot electron
injection, and band to band assisted electron/hole injection will be discussed briefly. The
reliability of nonvolatile memory and physical characteristic of nanocrystal NVM will be

also discussed.

2.2 Basic Program and Erase Mechanisms

2.2.1 Energy band diagram during program and erase operation

Fig. 2-2 illustrates the program/erase physical operation of a SONOS memory
device. In the write operation, a positive voltage is applied on gate electrode relative to
the p-type substrate, which forms an electron channel. Then the electrons tunnel through
the tunnel oxide into the silicon nitride film and can be stored in deep-level traps. Some
electrons which are not trapped in the nitride film will tunnel through a blocking oxide
into the gate electrode. The trapped electrons provide the electrostatic screening of the
channel from the control gate, and result in a threshold voltage (Vr) shift. During the
erase operation under a negative voltage bias on the gate electrode, the holes tunnel from
the substrate into the silicon nitride and are partially trapped in a manner similar to
electrons. And some holes “pile-up” at the blocking oxide interface because of the larger
barrier height (5eV). Further, trapped electrons may be de-trapped into the nitride
conduction band and then tunnel back to the channel. Thus, for SONOS memory device
operation both carrier types are involved in the transport process.

The write and erase processes for an n-channel semiconductor nanocrystal memory
device are illustrated schematically in Fig. 2-3. During the write process, a positive gate
voltage is applied to inject channel inversion-layer electrons into the nanocrystals. During
the erase 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 nanocrystals from the

channel.

2.2.2 Carrier Injection Mechanisms

(a) Tunneling Injection
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Tunneling is a quantum mechanical process akin to throwing as ball against a wall
often enough that the ball goes through the wall without damaging the wall or the ball. It
also loses no energy during the tunnel event. The tunneling probability, depending on

electron barrier height (¢ (x) ), tunnel dielectric thickness (d), and effective mass (m)

inside the tunnel dielectric, is express as [2-4]

(_2}& [0(x) *m,

T =ex x
p : 5 )

Basically, tunneling injection must to have available states on the other side of the barrier
for the carriers to tunnel into. 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. Direct tunneling (DT), Fowler-Nordheim tunneling (FN),
modified Fowler-Nordheim tunneling (MFN) and trap assistant tunneling (TAT) are the

main programming mechanisms employed in memory [2.5-2.7] as shown in Figure 2-4.
Direct Tunneling

Direct Tunneling is the flow of electrons through the full oxide thickness illustrated
in Figure 2-4(a). For nanocrystal memories, the control-gate coupling ratio of nanocrystal
memory devices is inherently small [2.8]. 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 nm is used to separate the nanocrystals from the channel.
During program/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 [2.9].
Fowler—Nordheim Tunneling

The Fowler—Nordheim (FN) tunneling is the flow of electrons through a triangular
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potential barrier illustrated in Figure 2-4(b). FN tunneling mechanism 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. Therefore, there is
a high probability of electrons’ passing through the energy barrier itself. Using a
free-electron gas model for the metal and the Wentzel-Kramers—Brillouin (WKB)
approximation for the tunneling probability [2.10], one obtains the following expression

for current density [2.11]:

VERE
S WF {4(2%)4@?]

C167°h’D, 3nqF

Where ®@p is the barrier height, mg, is the effective mass of the electron in the forbidden

gap of the dielectric, h is the Planck’s constant, q is the electronic charge, and F is the
electrical field through the oxide. 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 difference in programming or erasing currents, thus spreading the threshold voltage

distribution in both logical states.
Modified Fowler—Nordheim Tunneling

Modified Fowler—Nordheim tunneling (MFN) is similar to the traditional FN
tunneling mechanism, yet the carriers enter the nitride at a distance further from the
tunnel oxide-nitride interface. MFN mechanism is frequently observed in SONOS
memories. The SONOS memory is designed for low-voltage operation (< 10V,
depending on the Equivalent oxide thickness), a relatively weak electrical field couldn’t

inject charges by DT or FN mechanism.
Trap Assistant Tunneling

The charge storage mediums with many traps may cause another tunneling
mechanism. For example, the charges tunnel through a thin oxide and arrive to the traps

of nitride layer at very low electrical field in SONOS systems. During trap assisted
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injection the traps are emptied with a smaller time constant then they are filled. The
charge carriers are thus injected at the same distance into the nitride as for MFN injection.
Because of the sufficient injection current, trap assistant tunneling may influence in

retention [2.12].
(b) Channel Hot Electron Injection (CHEI)

The physical mechanism of HEI is relatively simple to understand qualitatively. An
electron traveling from the source to the drain gains energy from the lateral electric field
and loses energy to the lattice vibrations (acoustic and optical phonons). At low fields,
this is a dynamic equilibrium condition, which holds until the field strength reaches
approximately 100 kV/cm [2.13]. 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. 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 (channel hot electron, CHE). Figure 2-5 shows schematic
representation of CHEI MOSFET and the energy-distribution function with different
fields. 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.

Nevertheless, a description of the injection conditions can be accomplished with two
different approaches. The HEI current is often explained and simulated following the
“lucky electron” model [2.14]. This model is based on the probability of an electron’s
being lucky enough to travel ballistically in the field € for a distance several times the
mean free path without scattering, eventually acquiring enough energy to cross the
potential barrier if a collision pushes it toward the Si/SiO, interface. Consequently, the
probability of injection is the lumped probability of the following events [2.15], which
are depicted in Figure 2-6
1) The carrier has to be “lucky” enough to acquire enough energy from the lateral

electric field to overcome the oxide barrier and to retain its energy after the collision
that redirects the electron toward the interface (Pgp).

2) The carrier follows a collision-free path from the redirection point to the interface

18



(Pgp).
3) The carrier can surmount the repulsive oxide field at the injection point, due to the
Schottky barrier lowering effect, without suffering an energy-robbing collision in the

oxide (Poc).
(¢) Band to Band Tunneling (BTBT)

Band to band tunneling application to nonvolatile memory was first proposed in
1989. 1. C. Chen and et al. demonstrated a high injection efficiency (~1%) method to
programming EPROM devices [2.16].

Band to Band Hot Electron Tunneling Injection

The injection is applied for n-type substrate nonvolatile memory device. Figure 2-7
shows the energy-band diagram and device operation during the band to band tunneling
induced hot electron (BBHE) injection. When band-bending is higher than the energy gap
of the semiconductor, the tunneling electron from the valence band to the conduction
band becomes significant. The electrons are accelerated by a lateral electric field toward
the channel region and some of the electrons with sufficient energy can surmount the

potential barrier of SiO; like hot electron injection [2.16-2.18].
Band to Band Hot Hole Tunneling Injection

In p-type substrate, when a negative gate voltage and a positive drain voltage are
applied to the cell, electron-hole pairs are generated by BTBT in the drain region, as
shown in Figure 2-8. The holes are accelerated by a lateral electric field toward the
channel region and some of them obtain high energy. The hot holes inject into charge
trapping layer through the tunnel oxide and recombine the stored electrons. This injection

is used for a new erase operation for nonvolatile memory device [2.19].

2.3 Basic Reliability of Nonvolatile Memory

For a nonvolatile memory, the important to concern is distinguishing the state in cell.
However, in many times operation and charges storage for a long term, the state is not

obvious with charges loss. Endurance and retention experiments are performed to

19



investigate Flash-cell reliability. In general, NVMs are required to withstand up to
10-100K program/erase cycles (endurance) with 10-year memory retention at

temperatures as high as 85 °C.
2.3.1 Retention

Retention describes the ability to the NVM to store and recover information after a
number of program cycles at a specified temperature. In any nonvolatile memory
technology, it is essential to retain data for over ten years. This means the loss of charge
stored in the storage medium must be as minimal as possible. For example, in modern
Flash cells, FG capacitance is approximately 1 fF. A loss of only 1 fC can cause a 1V
threshold voltage shift. If we consider the constraints on data retention in ten years, this
means that a loss of less than five electrons per day can be tolerated [2.20]. Possible
causes of charge loss are: 1) by tunneling or thermionic emission mechanisms; 2) defects
in the tunnel oxide; and 3) detrapping of charge from insulating layers surrounding the
storage medium; 4) mobile ion contamination. Further, the retention capability of Flash
memories has to be checked by using accelerated tests that usually adopt screening

electric fields and hostile environments at high temperature.
2.3.2 Endurance

The term “endurance” refers to the ability of the nonvolatile memory to withstand
repeated program cycles and still meet the specifications in the data sheet. In a
conventional Flash memory the maximum number of erase/program cycles that the
device must sustain is 10°.

A typical result of an endurance test on a single cell is shown in Figure 2-9. As the
experiment was performed applying constant pulses, the variations of program and erase
threshold voltage levels are described as “program/erase threshold voltage window
closure” and give a measure of the tunnel oxide aging. In particular, the reduction of the
programmed threshold with cycling is due to trap generation in the oxide and to interface
state generation at the drain side of the channel, which are mechanisms specific to
hot-electron degradation. The initial lowering of Vt the erase is due to a pile-up of
positive charge which enhances tunneling efficiency. While the long-term increase of Vr

the erase 1s due to a generation of negative traps.
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Actually, endurance problems are mostly given by single-cell failures, which present
themselves like a retention problem after program/erase cycles. In fact, a high field stress
on thin oxide is known to increase the current density at low electric field. The excess
current component, which causes a significant deviation from the current—voltage curves
from the theoretical FN characteristics at low field, is known as stress-induced leakage
current (SILC). SILC is clearly attributed to stress-induced oxide defects and, as far as a
conduction mechanism, it is attributed to a trap assisted tunneling, as shown in Figure
2-10. The main parameters controlling SILC are the stress field, the amount of charge
injected during the stress, and the oxide thickness. For fixed stress conditions, the leakage

current increases strongly with decreasing oxide thickness [2.21-2.23]

2.4 Basic Physical Characteristic of Nanocrystal NVM

2.4.1 Quantum Confinement Effect

The quantum dot, is quasi-zero-dimensional nanoscaled material, and is composed
by small amount atoms. The quantum confinement energy dependence on nanocrystal
size has been studied both experimentally and theoretically with the tight-binding model
[2.24]. The quantum confinement effect becomes significant when the nanocrystal size
shrinks to the nanometer range, which causes the conduction band in the nanocrystal to
shift to higher energy compared with bulk material [2.25]. For example, a 3nm Ge
nanocrystal can have a conduction band shift of 0.5¢V as compared with bulk Ge, which

is significant enough to affect the electrical performance of the nanocrystal memory cell.
2.4.2 Coulomb Blockade Effect

When one electron is stored, the nanocrystal potential energy is raised by the
electrostatic charging energy e%/2C, where C is the nanocrystal capacitance, which
depends mainly on the nanocrystal size, though it also depends on tunnel oxide thickness
and control oxide thickness. The capacitance is self-consistently calculated using an
electrodynamics method [2.26]. The 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 more dominant at low
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programming voltages (< 3V). In a flash memory array, device cells often encounter
disturbances with low gate voltage soft-programming. 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 nanocrystal if large tunneling current and fast programming
speed were 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. In the
energy band diagram, the Coulomb blockade charging energy only raises the electrostatic
potential of the nanocrystal; the quantum confinement energy shifts the nanocrystal
conduction band edge upward so that the conduction band offset between the nanocrystal

and the surrounding oxide is reduced.
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Figure 2-1 I-V curves of the floating-gate device when there is no charge

stored in the floating-gate (curve A) and when a negative charge Q is

stored in the floating-gate (curve B).
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Figure 2-5 Schematics of channel hot electron injection (CHEI). The
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Figure 2-7 Energy-band diagram for the proposed band to band induce
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Flash memory with p-channel cell. Due to the positive bias to the control

gate, holes are not injected into the tunnel oxide.
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Figure 2-8 Band to band induce hot hole injection mechanism and

schematic illustration cross of the Flash memory with p-channel cell.
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Chapter 3

Formation of CoSi, NCs or Co NCs Nonvolatile Memory by

thermal treatment in oxygen ambient

3.1 Thermal treatment in oxygen ambient

3.1.1 Motivation

The conventional nonvolatile memory (flash memory) suffers some limitations for
continued scaling of the device structure. Therefore, the nanocrystal nonvolatile memory
devices have been investigated to overcome the limit of the conventional floating gate
memory in recently years. The main advantage for using nanocrystals serving as charge
trapping centers is the potential to use thinner tunnel oxide without sacrificing
nonvolatility. In addition, the operation speed can be increased and/or the operation
voltage can be increased as the reduction of the tunnel oxide thickness. Furthermore,
metal nanocrystals memories were widely investigated for more advantages than the
semiconductor counterparts in terms of the higher density of states, stronger coupling
with the conduction channel, better size scalability, and a wide range of available work
functions to optimize device characteristics.

Among several kinds of NCs 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. 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.

3.1.2 Experiment Procedures

Figure 3-1 showed a schematic diagram of fabricating procedure labeled as

structure 1. First, single-crystal 6 inch (100) oriented p-type silicon wafers were
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chemically cleaned by standard RCA cleaning. The wafers were followed by a thermal
oxidative process to form 5-nm-thick dry SiO, layer as a tunnel oxide in an atmospheric
pressure chemical vapor deposition (APCVD) furnace. Then, after the growth of tunnel
oxide, a 6-nm-thick cobalt silicide (CoSi,) thin film was deposited onto the tunnel oxide
by sputtering system at room temperature. The deposition of cobalt silicide film in
structure 1 sputtered only with Argon plasma 24sccm and a DC power of 30W for CoSis.
Then, the thermal treatment were at Rapid Thermal Annealling (RTA) for 700°C in O,

and each degree for 60 seconds. Afterward, a 50 nm SiO, were deposited by PECVD
system to form a thicker control oxide layer. Finally, the Al gate electrode was patterned
and sintered to form a metal-oxide-silicon (MOS) structure. The MOS structure with
CoSi; or Co nanocrystals embedded between tunnel oxide and control oxide were
fabricated. This MOS capacitance structure has prepared for material and electrical
analyses.

Electrical characteristics, including the capacitance-voltage (C-V), retention, and
endurance characteristics, were also performed. The C-V characteristics were measured
by Keithley 4200 and HP4284 Precision LCR Meter with high frequency 100 kHz. In
addition, Transmission electron microscope (TEM) and X-ray photoelectron spectroscopy

(XPS) were adopted for the micro-structure analysis and chemical material analysis.

3.1.3 Results and Discussion

Fig. 3-2 shows the capacitance-voltage (C-V) hysteresis of the structure 1. In this
condition, shown in Fig. 3-2, it does not have an obvious memory window under =10V
C-V sweeping. Fig. 3-3 showed the transmission electron microscope (TEM) diagrams of
the structure 1. After RTA process, the cobalt silicide thin film is still a continue film.

Fig. 3-4 demonstrates the XPS spectra of Co 2P3/; for the deposited film after RTA
treatment. It can be found that the spectrum shows one peak at ~782eV which is
corresponding to Co oxide binding energy[3.1]. From xps , we can know that CoSi, thin
film have been oxidized. Over oxidation is due to the heavy oxygen flow in the RTA
process. Using capping oxide to confine oxygen flow prevent that heavy oxygen react

with CoSi, thin film.
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3.2 The role of capped oxide during the formation of cobalt

nanocrystal

3.2.1 Experiment Procedures

Figure 3-5 showed a schematic diagram of fabricating procedure labeled as
structure 2. First, single-crystal 6 inch (100) oriented p-type silicon wafers were
chemically cleaned by standard RCA cleaning. The wafers were followed by a thermal
oxidative process to form 5-nm-thick dry SiO, layer as a tunnel oxide in an atmospheric
pressure chemical vapor deposition (APCVD) furnace. Then, after the growth of tunnel
oxide, a 6-nm-thick cobalt silicide (CoSi,) thin film was deposited onto the tunnel oxide
by sputtering system at room temperature. The deposition of cobalt silicide film in
structure 2 sputtered only with Argon plasma 24sccm and a DC power of 30W for CoSis.
Subsequently, a 20-nm-thick SiO, was deposited by plasma enhanced chemical vapor
deposition (PECVD) system. Then, the thermal treatment were at Rapid Thermal
Annealling (RTA) for 700°C in O, and each degree for 60 seconds. Afterward, a 30nm

Si0, were deposited by PECVD system to form a thicker control oxide layer. Finally, the
Al gate electrode was patterned and sintered to form a metal-oxide-silicon (MOS)
structure. The MOS structure with CoSi, or Co nanocrystals embedded between tunnel
oxide and control oxide was fabricated. This MOS capacitance structure has prepared for
material and electrical analyses.

Electrical characteristics, including the capacitance-voltage (C-V), retention, and
endurance characteristics, were also performed. The C-V characteristics were measured
by Keithley 4200 and HP4284 Precision LCR Meter with high frequency 100 kHz. In
addition, Transmission electron microscope (TEM) and X-ray photoelectron spectroscopy

(XPS) were adopted for the micro-structure analysis and chemical material analysis.

3.2.2 Results and Discussion

Fig. 3-6 shows the capacitance-voltage (C-V) hysteresis of the structure 2 with
pre-capped 20nm SiO, 700°C 60 seconds by RTA. In this condition, shown in Fig. 3-6, it

has an obvious memory window of ~1.2V under +15V C-V sweeping.
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Fig. 3-7 showed the transmission electron microscope (TEM) diagrams of the

structure 2 for the sample which pre-capped oxide 20nm by RTA 700°C 60 seconds. The
thickness of the as-deposited film is about 6nm. After pre-capped 20nm SiO, 700°C 60

seconds RTA in O, it can be found that the nanodots was nucleated on tunneling oxide
obviously. The average diameter of the nanodots is around 5nm. The density of the
nanodot is about 10'" cm™.

Fig. 3-8 demonstrates the XPS spectra of Co 2P3/; for the deposited film after RTA
treatment. It can be found that the spectrum shows one peak at ~778.3eV which is
corresponding to Co binding energy[3.2]. It can been confirmed that Co nanodots form
after RTA annealing.

Finally, Fig. 3-9 and Fig. 3-10 showed the electrical reliability characteristics of

structure 2. The endurance characteristics of pre-capped 20nm SiO, 700°C 60 seconds

RTA in O; showed in Fig. 3-9 which indicates the memory window can be distinguished

5
after 10 program/erase cycles at room temperature. As shown in Fig. 3-10, the charge

retention characteristics pre-capped 20nm SiO, 700°C 60 seconds RTA in O, estimated

by C-t measurements at room temperature . It also indicated that the carrier charges could

4
be kept until 10 seconds, leading to a good memory characteristic.

3.3 Gibbs free energy

In thermodynamics, the Gibbs free energy is a thermodynamic potential which
measures the "useful" or process-initiating work obtainable from an isothermal, isobaric
thermodynamic system. When a system changes from a well-defined initial state to a
well-defined final state, the Gibbs free energy (AG) equals the work exchanged by the
system with its surroundings, less the work of the pressure forces, during a reversible
transformation of the system from the same initial state to the same final state. The
change (AG) in Gibbs free energy is a parameter to measure a spontaneous tendency of
the reaction. The AG is usefully defined by

AG=AH — TAS

Where H is the enthalpy, T is temperature, and S is the entropy. If AG is negative, the
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reaction is a spontaneous. If AG is positive, the reverse reaction is a spontaneous. The
larger AG value indicates that the reaction is easier to take place with higher reaction rate.
After reaction, the AG value represents the energy which is released as heat to the
environment. At chemical equilibrium, the rate of forward reaction is equal to the rate of
reverse reaction, AG = 0. In generally, the AG value is nearly dominated by the enthalpy

(AH) because the TAS value is much less than AH.

3.3.1 Discussion
To further research the formation of Co-Si-O nanocrystal, the enthalpies (-AH ) of

Si—O and Co—O at room temperature, are 799 and 382 kJ mol, respectively . Hence,
because of the higher enthalpy of Si—-O compared with Co—O, the oxygen radicals can
interact with Si atom easier than Co atom during the RTA process. Fig. 11(a) showed that
cobalt-silicide thin film react with oxygen in RTA process directly. The flow of oxygen is
too heavy so the influence of gibbs free energy is useless. Fig. 11(b) showed that the
capped layer prevent that oxygen contact the CoSi2 thin film directly. Here, gibbs free
energy is effective. Oxygen react with silicon , and Co will be separated out. Then Co

accumulate to form nanocrystal.

3.4Conclusions

Co nanocrystals had been fabricated with appropriate control of the process
temperature and RTA time. The significant C-V hysteresis of voltage shifts of 1.2V were
observed at £15V sweep voltage. The good electrical reliability characteristics, such as
retention time and endurance, can be also realized in the proposed structure in this work.
The critical step of fabricating Co NCs memory successfully or not is the content of
oxygen. Co will not be over oxidized due to confine the flow rate of oxygen by pre-cap

Si0;.
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Figure 3-3 The transmission electron microscope (TEM) diagrams of

structure 1
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Figure 3-4 The X-ray photoelectron spectroscopy (XPS) analysis of
structure 1, after RTA treatment at the condition 700C for

60sec in oxygen ambient.
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Chapter 4

Formation of CoSi, NCs or Co NCs Nonvolatile Memory by

thermal treatment in nitrogen ambient

4.1 Thermal treatment in nitrogen ambient

4.1.1 Experiment Procedures

Figure 4-1 showed a schematic diagram of fabricating procedure labeled as
structure 1. First, single-crystal 6 inch (100) oriented p-type silicon wafers were
chemically cleaned by standard RCA cleaning. The wafers were followed by a thermal
oxidative process to form 5-nm-thick dry SiO; layer as a tunnel oxide in an atmospheric
pressure chemical vapor deposition (APCVD) furnace. Then, after the growth of tunnel
oxide, a 6-nm-thick cobalt silicide (CoSiy) thin film was deposited onto the tunnel oxide
by sputtering system at room temperature. The deposition of cobalt silicide film in
structure 1 sputtered only with Argon plasma 24sccm and a DC power of 30W for CoSis.
Then, the thermal treatment were at Rapid Thermal Annealling (RTA) for 700°C in N,

and each degree for 60 seconds. Afterward, a 50 nm SiO, were deposited by PECVD
system to form a thicker control oxide layer. Finally, the Al gate electrode was patterned
and sintered to form a metal-oxide-silicon (MOS) structure. The MOS structure with
CoSi; or Co nanocrystals embedded between tunnel oxide and control oxide was
fabricated. This MOS capacitance structure has prepared for material and electrical
analyses.

Electrical characteristics, including the capacitance-voltage (C-V), retention, and
endurance characteristics, were also performed. The C-V characteristics were measured
by Keithley 4200 and HP4284 Precision LCR Meter with high frequency 100 kHz. In
addition, Transmission electron microscope (TEM) and X-ray photoelectron spectroscopy

(XPS) were adopted for the micro-structure analysis and chemical material analysis.
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4.1.2 Results and Discussion

Fig. 4-2 shows the capacitance-voltage (C-V) hysteresis of the structure 1. In this
condition, shown in Fig. 4-2, it have an obvious memory window under =15V C-V
sweeping. Fig. 4-3 showed the transmission electron microscope (TEM) diagrams of the
structure 1. From Fig. 4-3, we can see that the CoSi, thin film accumulates to form
nanocrystal. Dot size is about 4~5 nm, and density is estimated to be 5.92 x 10" cm™.

Fig. 4-4 demonstrates the XPS spectra of Co 2P3/, for the deposited film after RTA
treatment. It can be found that the spectrum shows one peak at ~778.5eV which is
corresponding to CoSi, binding energy. From xps , we can know that the nanocrystal is
consistent of cobalt silicide.

Finally, Fig. 4-5 and Fig. 4-6 showed the electrical reliability characteristics of

structure 1. The endurance characteristics of 700°C 60 seconds RTA in N, showed in

5
Fig. 4-5 which indicates the memory window can be distinguished after 10
program/erase cycles at room temperature. As shown in Fig. 4-6, the charge retention

characteristics 700°C 60 seconds RTA in N, estimated by C-t measurements at room

temperature . It indicated that the charge loss is too serious. We think that the extensive
charge loss due to incomplete sorrounding bonding of the nanocrystal so we change the

process.

4.2 The role of capped oxide during the formation of

cobalt-silicide nanocrystal

4.2.1 Experiment Procedures

Figure 4-7 showed a schematic diagram of fabricating procedure labeled as
structure 2. First, single-crystal 6 inch (100) oriented p-type silicon wafers were
chemically cleaned by standard RCA cleaning. The wafers were followed by a thermal
oxidative process to form 5-nm-thick dry SiO; layer as a tunnel oxide in an atmospheric
pressure chemical vapor deposition (APCVD) furnace. Then, after the growth of tunnel
oxide, a 6-nm-thick cobalt silicide (CoSi,) thin film was deposited onto the tunnel oxide

by sputtering system at room temperature. The deposition of cobalt silicide film in
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structure 2 sputtered only with Argon plasma 24sccm and a DC power of 30W for CoSis.
Subsequently, a 20-nm-thick SiO, was deposited by plasma enhanced chemical vapor
deposition (PECVD) system. Then, the thermal treatment were at Rapid Thermal
Annealling (RTA) for 700°C in N, and each degree for 60 seconds. Afterward, a 30nm

Si0, were deposited by PECVD system to form a thicker control oxide layer. Finally, the
Al gate electrode was patterned and sintered to form a metal-oxide-silicon (MOS)
structure. The MOS structure with CoSi, or Co nanocrystals embedded between tunnel
oxide and control oxide was fabricated. This MOS capacitance structure has prepared for
material and electrical analyses.

Electrical characteristics, including the capacitance-voltage (C-V), retention, and
endurance characteristics, were also performed. The C-V characteristics were measured
by Keithley 4200 and HP4284 Precision LCR Meter with high frequency 100 kHz. In
addition, Transmission electron microscope (TEM) and X-ray photoelectron spectroscopy

(XPS) were adopted for the micro-structure analysis and chemical material analysis.

4.2.2 Results and Discussion

Fig. 4-8 shows the capacitance-voltage (C-V) hysteresis of the structure 2 with
pre-capped 20nm SiO, 700°C 60 seconds by RTA. In this condition, shown in Fig. 4-8, it

has an obvious large memory window of ~1V under £15V C-V sweeping.
Fig. 4-9 showed the transmission electron microscope (TEM) diagrams of the

structure 2 for the sample which pre-capped oxide 20nm by RTA 700°C 60 seconds. The
thickness of the as-deposited film is about 6nm. After pre-capped 20nm SiO, 700°C 60

seconds RTA in N it can be found that the nanodots was nucleated on tunneling oxide
but not obviously. The arrangement of nanodot is too close. Dot size is about 4~5 nm,
and density is estimated to be 3.02 x 10" cm™.

Finally, Fig. 4-10 and Fig. 4-11 showed the electrical reliability characteristics of

structure 2. The endurance characteristics of pre-capped 20nm SiO, 700°C 60 seconds

RTA in O; showed in Fig. 3-9 which indicates the memory window can be distinguished

5
after 10 program/erase cycles at room temperature. As shown in Fig. 4-11, the charge

retention characteristics pre-capped 20nm SiO, 700°C 60 seconds RTA in O, estimated
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by C-t measurements at room temperature .It also indicated that the charge loss is still

serious. We think that the reason is close arrangement of nanodot.

4.3 Conclusions

CoSi; nanocrystals had been fabricated with appropriate control of the process
temperature and RTA time. The significant C-V hysteresis of voltage shifts of 2.8V were
observed at £15V sweep voltage. The bad electrical reliability characteristics, such as
retention time. There is extensive charge loss due to incomplete sorrounding bonding of

the nanocrystal.
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Figure 4-3 The transmission electron microscope (TEM) diagrams of

structure 1
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Figure 4-4 The X-ray photoelectron spectroscopy (XPS) analysis of
structure 1 , after RTA treatment at the condition 700C for 60sec in

nitrogen ambient.
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Figure 4-9 The transmission electron microscope (TEM) diagrams of

structure 2.
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Figure 4-10 The endurance character of structure 2 after thermal

treatment (RTA 700C N2 60S)
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Chapter 5

Formation of CoSi, NCs or Co NCs Nonvolatile Memory by by

sputtered CoSi, in oxygen ambient

5.1 Thermal treatment in nitrogen ambient

5.1.1 Experiment Procedures

Figure 5-1 showed a schematic diagram of fabricating procedure labeled as
structure 1. First, single-crystal 6 inch (100) oriented p-type silicon wafers were
chemically cleaned by standard RCA cleaning. The wafers were followed by a thermal
oxidative process to form 5-nm-thick dry SiO; layer as a tunnel oxide in an atmospheric
pressure chemical vapor deposition (APCVD) furnace. Then, after the growth of tunnel
oxide, a 6-nm-thick cobalt silicide (CoSiy) thin film was deposited onto the tunnel oxide
by sputtering system at room temperature. The deposition of cobalt silicide film in
structure 1 sputtered with Argon plasma 24sccm, oxygen plasma 5sccm and a DC power
of 30W for CoSi,. Then, the thermal treatment were at Rapid Thermal Annealling (RTA)
for 700°C in N, and each degree for 60 seconds. Afterward, a 50 nm SiO, were deposited

by PECVD system to form a thicker control oxide layer. Finally, the Al gate electrode
was patterned and sintered to form a metal-oxide-silicon (MOS) structure. The MOS
structure with CoSi; or Co nanocrystals embedded between tunnel oxide and control
oxide was fabricated. This MOS capacitance structure has prepared for material and
electrical analyses.

Electrical characteristics, including the capacitance-voltage (C-V), retention, and
endurance characteristics, were also performed. The C-V characteristics were measured
by Keithley 4200 and HP4284 Precision LCR Meter with high frequency 100 kHz. In
addition, Transmission electron microscope (TEM) and X-ray photoelectron spectroscopy

(XPS) were adopted for the micro-structure analysis and chemical material analysis.

58



5.1.2 Results and Discussion

Fig. 5-2 shows the capacitance-voltage (C-V) hysteresis of the structure 1. In this
condition, shown in Fig. 5-2, it have an obvious memory window of ~3V under 15V
C-V sweeping. Fig. 5-3 showed the transmission electron microscope (TEM) diagrams of
the structure 1. The CoSi; thin film accumulate to form nanocrystal. Dot size is about 5
nm, and density is estimated to be 5.12 x 10'' cm™ from TEM.

Fig. 5-4 demonstrates the XPS spectra of Co 2P3/, for the deposited film after RTA
treatment. It can be found that the spectrum shows one peak at ~778.5eV which is
corresponding to CoSi, binding energy. From xps , we can know that CoSi, thin film
have accumulate to form CoSi, nanocrystal.

Finally, Fig. 5-5 and Fig. 5-6 showed the electrical reliability characteristics of

structure 1. The endurance characteristics of 700°C 60 seconds RTA in N, showed in

Fig. 5-5 which indicates the memory window can be distinguished after 105
program/erase cycles at room temperature. As shown in Fig. 5-6, the charge retention
characteristics 700°C 60 seconds RTA in N, estimated by C-t measurements at room
temperature . It also indicated that the charge loss is too serious. We think that the
extensive charge loss due to incomplete sorrounding bonding of the nanocrystal so we

change the process .

5.2 The role of capped oxide during the formation of cobalt

nanocrystal

5.2.1 Experiment Procedures

Figure 3-5 showed a schematic diagram of fabricating procedure labeled as
structure 2. First, single-crystal 6 inch (100) oriented p-type silicon wafers were
chemically cleaned by standard RCA cleaning. The wafers were followed by a thermal
oxidative process to form 5-nm-thick dry SiO; layer as a tunnel oxide in an atmospheric
pressure chemical vapor deposition (APCVD) furnace. Then, after the growth of tunnel

oxide, a 6-nm-thick cobalt silicide (CoSi,) thin film was deposited onto the tunnel oxide
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by sputtering system at room temperature. The deposition of cobalt silicide film in
structure 1 sputtered only with Argon plasma 24sccm , oxygen plasma Sscem and a DC
power of 30W for CoSi,. Subsequently, a 20-nm-thick SiO, was deposited by plasma
enhanced chemical vapor deposition (PECVD) system. Then, the thermal treatment were

at Rapid Thermal Annealling (RTA) for 700°C in N, and each degree for 60 seconds.

Afterward, a 30nm SiO, were deposited by PECVD system to form a thicker control
oxide layer. Finally, the Al gate electrode was patterned and sintered to form a
metal-oxide-silicon (MOS) structure. The MOS structure with CoSi, or Co nanocrystals
embedded between tunnel oxide and control oxide was fabricated. This MOS capacitance
structure has prepared for material and electrical analyses.

Electrical characteristics, including the capacitance-voltage (C-V), retention, and
endurance characteristics, were also performed. The C-V characteristics were measured
by Keithley 4200 and HP4284 Precision LCR Meter with high frequency 100 kHz. In
addition, Transmission electron microscope (TEM) and X-ray photoelectron spectroscopy

(XPS) were adopted for the micro-structure analysis and chemical material analysis.

5.2.2 Results and Discussion

Fig. 5-8 shows the capacitance-voltage (C-V) hysteresis of the structure 2 with
pre-capped 20nm SiO, by RTA 700°C 60 seconds. In this condition, shown in Fig. 5-8, it
has an obvious large memory window of ~3.1V under £15V C-V sweeping.

Fig. 5-9 showed the transmission electron microscope (TEM) diagrams of the

structure 2 for the sample which pre-capped oxide 20nm by RTA 700°C 60 seconds.
After pre-capped 20nm SiO, 700°C 60 seconds RTA in N, it can be found that the

nanodots was nucleated on tunneling oxide obviously. The average diameter of the
nanodots is around 5nm. The density is estimated to be 7.34 x 10'' cm™ from TEM.

Fig. 5-10 demonstrates the XPS spectra of Co 2P3/; for the deposited film after RTA
treatment. It can be found that the spectrum shows one peak at ~778.3eV which is
corresponding to Co binding energy. It can been confirmed that Co nanodots form after
RTA annealing.

Finally, Fig. 5-11 and Fig. 5-12 showed the electrical reliability characteristics of
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structure 2. The endurance characteristics of pre-capped 20nm SiO, 700°C 60 seconds

RTA in N; showed in Fig. 5-11 which indicates the memory window can be distinguished

5
after 10 program/erase cycles at room temperature. As shown in Fig. 5-12, the charge

retention characteristics pre-capped 20nm SiO, 700°C 60 seconds RTA in N, estimated

by C-t measurements at room temperature . It also indicated that the carrier charges could

4
be kept until 10 seconds, leading to a good memory characteristic.

5.3 Comparison of structurel and structure2

The nanocrystal of structure 1 consists of cobalt-silicide, and the nanocrystal of
structure 2 consists of cobalt. In structure 1. Because of no capped layer, the loss of
oxygen in CoSi2 thin film in RTA process. From gibbs free energy, oxygen prefers
bonding with silicon to cobalt. Because of the loss of oxygen, a few silicon react with
oxygen. Most of silicon react with cobalt to form nanocrystal. In structure 2. The capped
layer prevents that the oxygen in CoSi2 thin film loses so oxygen is enough to react with

silicon to precipitate cobalt.

5.4 Thermal budget discussion

5.4.1 Experiment Procedures

Figure 5-13 showed a schematic diagram of fabricating procedure labeled as
structure 1. First, single-crystal 6 inch (100) oriented p-type silicon wafers were
chemically cleaned by standard RCA cleaning. The wafers were followed by a thermal
oxidative process to form 5-nm-thick dry SiO; layer as a tunnel oxide in an atmospheric
pressure chemical vapor deposition (APCVD) furnace. Then, after the growth of tunnel
oxide, a 6-nm-thick cobalt silicide (CoSiy) thin film was deposited onto the tunnel oxide
by sputtering system at room temperature. The deposition of cobalt silicide film in
structure 1 sputtered with Argon plasma 24sccm, oxygen plasma 5sccm and a DC power
of 30W for CoSi,. Then, the thermal treatment were at Rapid Thermal Annealling (RTA)
for 500°C, 600°C and700°C in N, and each degree for 60 seconds. Afterward, a 50 nm

Si0, were deposited by PECVD system to form a thicker control oxide layer. Finally, the
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Al gate electrode was patterned and sintered to form a metal-oxide-silicon (MOS)
structure. The MOS structure with CoSi, or Co nanocrystals embedded between tunnel
oxide and control oxide was fabricated. This MOS capacitance structure has prepared for
material and electrical analyses.

Electrical characteristics, including the capacitance-voltage (C-V), retention, and
endurance characteristics, were also performed. The C-V characteristics were measured
by Keithley 4200 and HP4284 Precision LCR Meter with high frequency 100 kHz. In
addition, Transmission electron microscope (TEM) and X-ray photoelectron spectroscopy

(XPS) were adopted for the micro-structure analysis and chemical material analysis.

5.4.2 Results

Fig. 5-14 shows the capacitance-voltage (C-V) hysteresis of the structure 1 with
500°C 60 seconds by RTA. In this condition, shown in Fig. 5-14, it does not have an
obvious large memory window. Fig. 5-15 showed the transmission electron microscope
(TEM) diagrams of the structure 1 for the sample which by RTA 500°C 60 seconds. The
thickness of the as-deposited film is about 6nm.

Fig. 5-16 shows the capacitance-voltage (C-V) hysteresis of the structure 1 with
600°C 60 seconds by RTA. In this condition, shown in Fig. 5-16, it has an obvious large
memory window of ~0.75V under +15V C-V sweeping. Fig. 5-17 showed the
transmission electron microscope (TEM) diagrams of the structure 1 for the sample
which by RTA 600°C 60 seconds. The thickness of the as-deposited film is about 6nm.
The CoSi, thin flim accumulate to form nanocrystal.

Fig. 5-18 shows the capacitance-voltage (C-V) hysteresis of the structure 1 with
700°C 60 seconds by RTA. In this condition, shown in Fig. 5-18, it has an obvious large
memory window of ~3V under £15V C-V sweeping. Fig. 5-19 showed the transmission
electron microscope (TEM) diagrams of the structure 1 for the sample which by RTA

700°C 60 seconds. The CoSi, thin flim accumulate to form nanocrystal.

5.4.3 Experiment Procedures
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Figure 5-20 showed a schematic diagram of fabricating procedure labeled as
structure 2. First, single-crystal 6 inch (100) oriented p-type silicon wafers were
chemically cleaned by standard RCA cleaning. The wafers were followed by a thermal
oxidative process to form 5-nm-thick dry SiO; layer as a tunnel oxide in an atmospheric
pressure chemical vapor deposition (APCVD) furnace. Then, after the growth of tunnel
oxide, a 6-nm-thick cobalt silicide (CoSi,) thin film was deposited onto the tunnel oxide
by sputtering system at room temperature. The deposition of cobalt silicide film in
structure I  sputtered only with Argon plasma 24sccm , oxygen plasma Sscem and a DC
power of 30W for CoSi,. Subsequently, a 20-nm-thick SiO, was deposited by plasma
enhanced chemical vapor deposition (PECVD) system. Then, the thermal treatment were

at Rapid Thermal Annealling (RTA) for 500°C, 600°C and 700°C in N, and each degree

for 60 seconds. Afterward, a 30nm SiO, were deposited by PECVD system to form a
thicker control oxide layer. Finally, the Al gate electrode was patterned and sintered to
form a metal-oxide-silicon (MOS) structure. The MOS structure with CoSi, or Co
nanocrystals embedded between tunnel oxide and control oxide was fabricated. This
MOS capacitance structure has prepared for material and electrical analyses.

Electrical characteristics, including the capacitance-voltage (C-V), retention, and
endurance characteristics, were also performed. The C-V characteristics were measured
by Keithley 4200 and HP4284 Precision LCR Meter with high frequency 100 kHz. In
addition, Transmission electron microscope (TEM) and X-ray photoelectron spectroscopy

(XPS) were adopted for the micro-structure analysis and chemical material analysis.

5.4.4 Results

Fig. 5-21 shows the capacitance-voltage (C-V) hysteresis of the structure 2 with
500°C 60 seconds by RTA. In this condition, shown in Fig. 5-21, it has an obvious large
memory window of ~1.3V under £15V C-V sweeping. Fig. 5-22 showed the transmission
electron microscope (TEM) diagrams of the structure 2 for the sample which by RTA
500°C 60 seconds. The thickness of the as-deposited film is about 6nm.

Fig. 5-23 shows the capacitance-voltage (C-V) hysteresis of the structure 2 with
600°C 60 seconds by RTA. In this condition, shown in Fig. 5-23, it has an obvious large

63



memory window of ~2.3V under +15V C-V sweeping. Fig. 5-24 showed the transmission
electron microscope (TEM) diagrams of the structure 2 for the sample which by RTA
600°C 60 seconds. The thickness of the as-deposited film is about 6nm. The CoSi thin

flim accumulate to form nanocrystal.

Fig. 5-25 shows the capacitance-voltage (C-V) hysteresis of the structure 2 with
700°C 60 seconds by RTA. In this condition, shown in Fig. 5-25, it has an obvious large
memory window of ~3.1V under +15V C-V sweeping. Fig. 5-26 showed the transmission
electron microscope (TEM) diagrams of the structure 2 for the sample which by RTA
600°C 60 seconds. The thickness of the as-deposited film is about 6nm. The CoSi, thin

flim accumulate to form nanocrystal.

5.4.5 Discussion

As shown in Table. 5-1, the capacitance-voltage (C-V) hysteresis of the structure 2

with 500°C 60 seconds by RTA has an obvious large memory window of ~1.3V under

+15V C-V sweeping but the structure 1 doesn’t have. Capping oxide prevent that the loss
of heat in the process of rapid thermal annealing so we can use all of the energy of rapid
thermal annealing. Because of above, CoSi, thin film acquire enough energy to

accumulate to form the nanocrystal at lower temperature.

5.5 Conclusions

CoSi; nanocrystals had been fabricated with appropriate control of the process
temperature and RTA time. The significant C-V hysteresis of voltage shifts of 3.1V were
observed at £15V sweep voltage. The good electrical reliability characteristics, such as
retention time and endurance, can be also realized in the proposed structure in this work.
The critical step of fabricating CoSi NCs and Co NCs memory successfully is the content

of oxygen.
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Figure 5-2 The capacitance voltage (C-V) hysteresis of structure 1

under *15V bidirectional voltage sweeping.
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Figure 5-4 The X-ray photoelectron spectroscopy (XPS) analysis of
structure 1 , after RTA treatment at the condition 700C

for 60sec in nitrogen ambient.
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Figure 5-6 The retention hysteresis of structure 1 after thermal

treatment (RTA 700°C N, 60S)
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Figure 5-9 The transmission electron microscope (TEM) diagrams of

structure 2.

i (@]
Co(778.3eV) o

CoSi(778.5eV)

intensity(a.u.)

o P

binding energy(eV)

Figure 5-10 The X-ray photoelectron spectroscopy (XPS) analysis of
structure 2, after RTA treatment at the condition 700°C

for 60sec in nitrogen ambient.
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Figure 5-15 The transmission electron microscope (TEM) diagrams

of structure 1(RTA 500°C N, 60S)
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Figure 5-16 The capacitance voltage (C-V) hysteresis of structure 1
under 15V bidirectional voltage sweeping(RTA 600°C

N, 60S)
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Figure 5-17 The transmission electron microscope (TEM) diagrams

of structure 1(RTA 600°C N, 60S)
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Figure 5-18 The capacitance voltage (C-V) hysteresis of structure 1
under 15V bidirectional voltage sweeping(RTA 700°C
N, 60S)
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Figure 5-20 The process flow of structure 2 by thermal treatment

700°C, 600°C and 500°C in nitrogen ambient.

76



12

— V< -10V
1.0 —— 10V -20V

0.8 A

5 50nm oxide
QO 061 [l e a2
o s e

5nm oxide
0.4 A
JA\|
0.2 -

« Show memory characteristic
« Under * 15V operation : AV, =~1.3V

-8 -6 -4 -2 0 2
Vg(V)

0.0

Figure 5-21 The capacitance voltage (C-V) hysteresis of structure 2
under *15V bidirectional voltage sweeping(RTA 500°C

N, 60S)

< -

 tunnel oxide

Figure 5-22 The transmission electron microscope (TEM) diagrams

of structure 2(RTA 500°C N, 60S)

77



12

— 0V < 10V

10 ——- VS 20V

-~

Al
n m OXIe
‘asssasal

.S

Al \

ciC,,

0.0 1 ..
+ Show memory characteristic

+ Under * 15V operation : AV, =~2.3V
-10 -8 6 -4 2 0 2

Vo(v)

Figure 5-23 The capacitance voltage (C-V) hysteresis of structure 2
under *15V bidirectional voltage sweeping(RTA 600°C
N, 60S)

Figure 5-24 The transmission electron microscope (TEM) diagrams

of structure 2(RTA 600°C N, 60S)
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under + 15V operation

RTA 700°C RTA 600 °C RTA 500 °C
60sec in N, 60sec in N, 60sec in N,
pre-capped
20nm oxide | Memory window ~ 3.1V | Memory window ~ 2.3V | Memory window ~ 1.3V
no pre-
capped Memory window ~ 3V Memory window ~ 0.75V | [No memory window

Table 5-1 Comparisons of memory window between two structure

each degree
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