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Abstract

We have studied experimentally and-theoretically -nonvolatile nanocrystal memory
devices. On the study of nanocrystal memary,“the Co nanocrystals using SiO, and
HfO, as the tunneling and the control dielectric with memory effect has been
fabricated. A significant memory effect was observed through the electrical
measurements. Under the low voltage operation of 5V, the memory window was
estimated to ~ 1V. The retention characteristics were tested to be robust. Also, the
endurance of the memory device was not degraded up to 10° write/erase cycles.

A distributed charge storage with Ni nanocrystals embedded in the SiO, and
HfO, layer has been fabricated in this study. The mean size and aerial density of the

Ni nanocrystals are estimated to be about 5 nm and 3.9 10*%/cm?, respectively. The



nonvolatile memory device with Ni nanocrystals exhibits 1 V threshold voltage shift
under 4 V write operation. The device has a long retention time with a small charge
lose rate. Besides, the endurance of the memory device is not degraded up to 10°
write/erase cycles.

On the study of the CoSi nanocrystals with distributed charge storage elements
embedded between the SiO, and HfO, layer has been proposed. The nanocrystals
were identified to be CoSi phase by the analysis of electron diffraction pattern. The
nonvolatile memory device with CoSi nanocrystals exhibits 1.6 V threshold voltage
shift under 9 V write operation. The device has.a long retention time with a small
charge lose rate. In addition, thevendurance’is not=degraded up to 10° write/erase
cycles.

Also, a nonvolatile memory device with NiSi, nanocrystals embedded in the
SiO; and HfO, layer has been fabricated. A significant memory effect is observed on
the characterization of the electrical properties. When a low operating voltage, 4V, is
applied, a significant threshold-voltage shift of 1.3V, is observed. The processing of
this structure is compatible with the current manufacturing technology of
semiconductor industry.

Finally, the nonvolatile memory device with multilayer nanocrystals has

advantages such as the memory effects can be increased by the increasing density of



the nanocrystals and the whole retention characteristic can be improved. There are
much more electrons that can be stored in the double layer than single layer
nanocrystal memory device. The double layer CoSi, nanocrystals have better
retention characteristic than the single layer. The good retention characteristic of the
double layer device is due to the Coulomb-blockage effects on the top layer
nanocrystals from the bottom layer nanocrystals. So, the memory effects of the

nonvolatile memory device can be improved by using the double layer nanocrystals.
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Chapter 1

Introduction

1.1 General Background

Because of the high cost, large volume, and high power consumption of the
magnetic-core memory, the electronic industries wanted a new kind of memory device
to replace the magnetic-core memory. D. Kahng and S. M. Sze invented the
floating-gate (FG) nonvolatile semiconductor memory at Bell Labs in 1967 [1.1]. The
stacked-gate FG device structure,.as shown in*Fig. 1-1, continues to be the most
prevailing nonvolatile-memory implementation, and is widely used in both standalone
and embedded memories up to now. The invention of FG memory (flash memory)
creates a huge industry of portable electronic systems such as mp3 player, digital

cameras and USB flash personal disc etc.

Despite of a huge achievement for commercialization, conventional FG device
have some drawback. One of important issues is the limited potential for continued
scaling of the device structure. This scaling limitation focuses on the tunnel oxide
layer. The tunnel oxide has to allow quick and efficient charge transfer to and from the
FG. On the contrary, the tunnel oxide needs to provide superior isolation under

retention, endurance, and disturbed conditions in order to maintain information



integrity over periods of up to a decade. If the tunnel oxide creates a leaky path, the
overall stored charge in the floating gate will be lost. When the tunnel oxide is thinner
for quick and efficient charge transformation on the FG, the retention characteristics
may be degraded. And when the tunnel oxide is made thicker to take the isolation into
account, the speed of the operation will be slower. Therefore, for mass production,
there is a trade-off between speed and reliability for the optimal tunnel oxide
thickness [1.2].

Two candidates are mostly used to overcome the scaling limits of the conventional
FG structure. One is SONOS memory devices [1.3-1.5] and the other is nanocrystal
nonvolatile memory devices [1.6-1.8]. Fig. 1-2 presents SONOS memory device. The
nitride layer is used as the charge-trapping element. The SONOS memory device
improved endurance since a single defect will not cause the discharge of the memory
[1.5]. Tiwari et al. [1.6] are the first time demonstration about the Si nanocrystal
floating gate memory device. In Fig. 1-3, the local leaky path of the nanocrystal
nonvolatile memory device will not cause the fatal loss of data. The nanocrystal
memory device can not only maintain good retention characteristics when tunnel
oxide is thinner but also lower the power consumption [1.6-1.8]. These structures can
prevent the stored charges out of from charge trapping elements.

1.2 SONOS nonvolatile memory devices



The nonvolatile memory devices should withstand (about 10°) cycles and ten years
at high temperature. In general, the program/erase cycles is called endurance. The
term “endurance” means ability of the NVSM to withstand repeated program/erase
cycles and still maintain the data in the NVSM. The term “retention” shows the ability
of the NVSM to store and recover information after a number of program/erase cycles
at a specified temperature. Figure 1-4 illustrates the SONOS device structure
progression of device cross section. The first metal-gate nitride device
metal/nitride/oxide/silicon (MNOS) was reported in 1967 by Wegener et al [1.9]. In
the early 1970s, the initial  device. structures were p-channel
metal-nitride-oxide-silicon (MNOS) structures which with Al gate electrodes and 45
nm silicon nitride as charge storage layers. Program/erase voltages of devices were
typically about 25-30 V. During the late 1970s and early 1980s, scaling moved to
n-channel SNOS devices with program/erase voltages of 14-18 V. In the late 1980s
and early 1990s, n- and p-channel SONOS devices emerged with program/erase
voltages of 5-12 V. Figure 1-5 shows the energy band diagram under program/erase
operation. The electrons of the channel are injected into the silicon nitride. The
carriers (electrons) are trapped in silicon nitride layer. During the erase operation,
holes are injected from the substrate into the silicon nitride valence band where they

are trapped in a manner similar to electrons. Therefore, the both carrier operations are



involved in the transport process.
1.3 Nanocrystals nonvolatile memory devices

The conventional floating gate (FG) memory structure is prone to fail due to storing
charges on a single node (the FG node). When the tunnel oxide has one weak spot, it
creates a discharge path which leads the data loss. The distributed charge storage is
instead of the conventional FG memory. It relaxes the scaling limitation of the
conventional FG memory and still preserves the fundamental operating principle of
the memory. Nanocrystal nonvolatile memories, first introduced in the early 1990s,
are one particular implementation. ‘of that concept [1-10]. In a nanocrystal NVSM
device, charge is not stored on a-continuous FG poly-Si layer, but instead on a layer of
discrete, mutually isolated, crystalline"nanocrystals or dots. Each dot will typically
store only a handful of electrons; collectively the charges stored in these dots control
the channel conductivity of the memory transistor.

As compared to conventional stacked gate NVSM devices, nanocrystal charge
storage offers several advantages, the main one being the potential to use thinner
tunnel oxide without sacrificing nonvolatility. This is a quite attractive proposition
since reducing the tunnel oxide thickness is a key to lowering operating voltages
and/or increasing operating speeds. This claim of improved scalability results not only

from the distributed nature of the charge storage, which makes the storage more



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

[1.7]. Quantum confinement effects (bandgap widening; energy quantization) can be

exploited in sufficiently small nanocrystal geometries (sub-3 nm dot diameter) to

further enhance the memory’s performance.

Compared with conventional stacked-gate FG NVSM, nanocrystal memory has

several advantages. The advantages are: (1) nanocrystal memories use a more

simplified fabrication process than conventional stacked-gate FG NVSM’s by

avoiding the fabrication complications and costs of a dual-poly process; (2)

nanocrystal memories suffer less from drain induced barrier lowering (DIBL) due to

the less drain to FG coupling. Therefore, nanocrystal memories 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; (3)

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. However, the other is the low capacitive coupling

between the external control gate and the nanocrystal charge storage layer. This does

not only results in higher operating voltages, thus offsetting the benefits of the thinner

tunnel oxide, it also removes an important design parameter (the coupling ratio)

typically used to optimize the performance and reliability tradeoff.



The typical aerial density of nanocrystal dots is at least 10'* cm™. This is
approximately 100 particles which control the channel of a memory FET with 100x
100 nm” active area, and requires particle size of 5-6 nm and below. The good process
control with nanocrystal features should be regarded such as size and size distribution,
inter-crystal interaction (lateral isolation), uniformity of aerial crystal density, and
crystal doping (type and level). Finally, it is preferred that the fabrication process is
simple and that it uses standard semiconductor equipments.

Kanjilal et al. demonstrated crystalline Ge nanodots embedded in SiO,. The Ge
nanodots fabricated by molecular beam epitaxy (MBE) combined with rapid thermal
processing and characterized structurally and electrically [1.11]. The oxidation of
SiGe contained films to fabricate Ge*hanocrystals-has been utilized [1.12]. The Ge
element will be downward segregated and Si will be oxidized into SiO, when the
SiGe layer is oxidized [1.13-1.25]. A high Si dots density of about 5x10''/cm® was
obtained on nitride surface, and the density was more than three times larger than that
on oxide [1.26 -1.27].

In addition to semiconductor nanocrystals, Liu et al. demonstrated the design
principles and metal nanocrystals fabrication processes [1.28 -1.29]. Among the
different materials of nanocrystals, the metal nanocrystals memory possesses several

advantages, such as stronger coupling with the conduction channel, a wide range of



available work functions, higher density of states around the Fermi level, and smaller
energy perturbation due to carrier confinement. A self-assembled nanocrystal
formation process by rapid thermal annealing of ultra thin metal film deposited on top
of tunnel oxide is developed and integrated with NMOSFET devices. Due to the
minimization of the surface energy of the metal film under rapid thermal annealing,
the driving force results in a discrete layer of metal nanocrystals reside on tunnel
oxide.

In this thesis, the metal and metal silicide nonvolatile memory devices are
proposed. The cobalt and nickel nanocrystal are formed by rapid thermal annealing.
The Co and Ni nanodots will be segregated-and embedded between SiO, and HfO,.
The nickel silicide nanocrystals with a-Si/nickel/a-Si structure are formed by several
different thermal processes. The nickel silicide will be segregated to form nanodots
embedded between SiO, and HfO, films. Besides, the cobalt silicide is formed by
furnace annealing. By using double layer CoSi, nanocrystals to improve the memory
effects of nonvolatile memory devices. When a memory device has a larger memory
window, it is easier to meet the requirement of retention of 10 years. And, hope to

accord with the current manufacturing technology of semiconductor industry.

1.4 Organization of the dissertation

The advanced nonvolatile memory devices were fabricated and investigated for



solving the problem of conventional nonvolatile memory. This dissertation is divided

into eight chapters. The contents in each chapter are described as follows.

In chapter 1, general background of nonvolatile memory devices is introduced.

In chapter 2, the memory characteristics of Co nanocrystals memory device with

HfO; as blocking oxide is investigated.

In chapter 3, the nickel nanocrystals with HfO, blocking oxide for nonvolatile

memory application is studied.

In chapter 4, the fabrication and electrical characteristics of CoSi nanocrystals

nonvolatile memory with HfO, blocking oxide'.for memory device applications is

presented.

In chapter 5, the nickel silicidé.nanocrystals embedded in SiO, and HfO, for

nonvolatile memory application are demonstrated.

In chapter 6, the using double layer CoSi, nanocrystals to improve the memory

effects of nonvolatile memory devices are presented.

In chapter 7, comparison electric characteristics with metal and metal-silicide

nanocrystals memory device with HfO, as blocking oxide

Finally, the summarization of all experimental results in this dissertation and the

suggestions for the future work are presented in chapter 8.
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Fig. 1-1 The structure of the conventional floating gate nonvolatile
memory device. Continuous poly-Si floating gate is used as the charge
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Chapter 2

Memory characteristics of Co nanocrystals memory device with HfO,
as blocking oxide

2.1 Motivation

Nonvolatile memory devices with floating-gate structure are being used widely, for
example, in mp3 players, digital cameras and integrated circuit cards at present. The
most prominent one is the limited potential for continued scaling of the device
structure. When the tunnel oxide is thinner, the retention characteristics may be
degraded, and when the tunnel oxide issmade thicker to take the isolation into account,
the speed of the operation will be slower. There is, therefore, a tradeoff between speed
and reliability and the thickness of the ‘tunnel-oxide is compromised to about 8-11 nm,
which is barely reduced over more than five generations of the industry [2.1].
Recently, memory-cell structure using discrete traps as the charge storage media has
received much attention as the promising candidate to replace conventional dynamic
random access memory or flash memories for future high speed and low power
consuming memory devices [2.2-2.4]. Nanocrystals memory devices employing
distributed nanodots as storage elements have exhibited great potential in device
applications [2.5-2.11]. Among the different materials of nanocrystals, the metal

nanocrystals memory possesses several advantages, such as stronger coupling with
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the conduction channel, a wide range of available work functions, higher density of
states around the Fermi level, and smaller energy perturbation due to carrier
confinement [2.3]. Besides, using the high-k dielectric as the blocking oxide
concentrates and releases the electric fields across the tunnel oxide and the blocking
oxide, respectively, under the program/erase mode. Using the high-k dielectric as the
blocking oxide leads to lower program and erase voltage [2.12].
In this study, we demonstrated the electron charging and discharging effects of

Co nanocrystals embedded in SiO, and HfO,, which is desirable for applications of
the nonvolatile memory technology:The characteristic of Co metal was its high work
function about 4.41eV. Once the charge trapping in the Co nanocrystals, it was more
difficult go back from nanocrystals®during retention. Also, the Co metal was
compatible with the current manufacturing technology of semiconductor industry.
2.2 Experimental procedures

Figure 2-1 presents process flow of an HfO2/Co/SiO2/Si stacked structure. (100)
oriented p-type silicon wafers were chemically cleaned by a standard Radio
Corporation of America cleaning, followed by a 3-nm tunnel oxide was thermally
grown at 1000°C in vertical furnace system. Subsequently, a 3-nm-thick cobalt layer
was deposited onto the tunnel oxide by electron beam evaporation. The Co

nanocrystals were formed by rapid thermal annealing in the N, ambient at 500°C for
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60 s [2.13]. The 30-nm-thick blocking oxide (HfO,) was capped by sputtering. Finally,
Al gate electrode was finally patterned and sintered. The structural analyses were
performed by transmission electron microscopy (TEM). The capacitance-voltage
(C-V) measurements were performed by an HP 4284A precision LCR meter to study
the electron charging and discharging effects of the Co nanocrystals.

2.3 Results and discussions

AFM analyses of Co thin film are listed in Table 2-1. Mean roughness of the Co
metal film before and after thermal treatment are 0.230nm and 0.471nm, respectively.
It shows that the Co nanocrystals are formed after thermal treatment. Figure 2-2
presents typical bright-field, cross-section”“TEM images. It shows the structure of
HfO,/Co/SiO,/Si. As illustrated “in.Fig. 2-2, the* well-separated and spherical Co
nanocrystals embedded between the SiO, layer and HfO, layers were observed. The
aerial density and mean size of the Co nanocrystals are measured to be
2.13x10*¥/cm?.and 2 nm, respectively.

Figure 2-3 shows the forward and reverse sweep C-V characteristics, indicating the
electron charging and discharging effects of Co nanocrystals embedded between the
SiO; and HfO, layers. The bidirectional C-V sweeps were performed from deep
inversion to deep accumulation and in reverse, which exhibited electron charging

effect. In Fig. 2-3, with the voltage swept from 5 to -5V and back to 5 V, an
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outstanding threshold voltage shift of 1 VV was observed. As the whisked voltage was

increased to 7V, a more obvious C-V shift of 1.8 VV was seen. It is perceived that the

hysteresis is counterclockwise which is due to injection of electrons from the deep

inversion layer and injection of holes from the deep accumulation layer of Si substrate.

The result of C-V shift indicates that the charging effects of Co nanocrystals are more

significant than the semiconductor nanocrystals. The high-k blocking oxide

concentrates the electric fields across the tunnel oxide and releases it across the

blocking oxide under program and erase mode. This effect leads to lower program and

erase voltage. Figure 2-4 presents.gate voltage dependence of the memory window.

The threshold voltage shift is increased with-gate voltage. Figure 2-5 shows the band

diagrams of “program” and “erase” operations with different gate polarities of the

memory device. When the device is written or programmed, the electrons directly

tunnel from the Si substrate through the tunnel oxide, and are trapped in the Co

nanocrystals. On the other hand, as the device is erased, the electrons may tunnel back

to the deep accumulation layer of Si substrate. The blocking oxide is utilized to

prevent the carriers of gate electrode from injecting into the Co nanocrystals by

Fowler-Nordheim tunneling. In addition, the Co nanocrystals do not bear a voltage

drop from gate voltage, which means that all the voltages provided from control gate

are dropped to the tunnel oxide and control oxide and gain advantage over their
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semiconductor counterparts. The operating voltage of the memory devices with
conventional floating gate or semiconductor nanocrystals embedded in SiO; is above
7V. In our approach to fabricate the Co nanocrystals embedded in SiO,, a lower
programming voltage of 5V and erasing voltage of -5 V realize a significant threshold
voltage shift, 1 V, which is sufficient to be defined as “1” and “0” by a typical sensing
amplifier for a memory device.

The retention characteristics of the Co nanocrystals were measured at room
temperature, as shown in Fig. 2-6. If there are some leakage paths for the trapping
charges, the memory effect will gradually decrease. In Fig. 2-4, the good retention
characteristics and the memory &ffect without Significant decreasing up to 10° s can be
founded. The charge loss rate only: decreases to 21:95% after 10* s. The inset shows
that the threshold-voltage shift does not significantly decrease after long time (10* s).
It is clearly shown that the Co nanocrystals memory has excellent retention
characteristic.

In addition, the reliability of the memory device was also investigated. As shown in
Fig.2-7, the data endurance of the Co nanocrystals memory device retains an obvious
memory window of 0.86 V after 10° cycles and write/erase voltage was 5/(-5) V. The

good endurance behavior of the Co nanocrystals memory device can be founded.
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2.4 Conclusions

In summary, the memory effects of the Co nanocrystals using tunneling and control
oxide, SiO, and HfO,, were demonstrated in this letter. A significant C-V hysteresis of
V. shift of 1V is observed under low operating voltage of 5V. The retention
characteristics are tested to be robust. Also, the endurance of the memory device is not

degraded up to 10° write/erase cycles.
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Fig. 2-1 Process flow of an HfO2/Co/S102/S1 stacked structure
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STD Co RTA Co
sample without after RTA
thermal 500°C, 60sec
argument treatment
Mean 0.230nm 0.471 nm
Roughness

Table 2-1 AFM analyses of Co thin film(scan area: 5 X 5 um )
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Fig. 2-2 The Cross-section TEM micrographs of an HfO,/Co/SiO,/Si

stacked structure.
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Fig. 2-3 The capacitance-voltage (C-V) hysteresis of Co nanocrystals
memory device after bidirectional sweeps between 5V/(-5V) and

TVI(-TV).
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Fig. 2-4 Gate voltage dependence of the memory window.
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Chapter 3

Nickel nanocrystals with HfO, blocking oxide for nonvolatile
memory application

3.1 Motivation

The commercial products contain poly-Si floating gate (FG) structure which is
taken as charge storage layer. Because of continued scaling of the device structure,
the tunneling oxide must thinner. Once the tunnel oxide is thinner, the electrical
characteristics such as endurance and retention may be degraded. Therefore
memory-cell structures which use discrete itraps as the charge storage media have
received much attention. These-memories|can replace conventional dynamic random
access memory or flash memories for futtrerhigh speed and low power consuming
memory devices [3.1-3.3]. Nanocrystal" memory devices employing distributed
nanodots as storage elements have exhibited great potential in device applications
[3.4-3.10]. Among the different materials of nanocrystals, the metal nanocrystal
memory possesses several advantages: (1) stronger coupling with the conduction
channel; (2) a wide range of available work functions; (3) higher density of states
around the Fermi level; (4) smaller energy perturbation due to carrier confinement
[3.11]. Besides, we use the high-k dielectric as the blocking oxide. Its concentrates

and releases the electric fields across the tunnel oxide and the blocking oxide,
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respectively, under the program/erase mode. At the same time, using the high-k
dielectric as the blocking oxide leads to lower program and erase voltage [3.12]. In
this study, we demonstrated the memory characteristics of Ni nanocrystals embedded
in SiO, and HfO,. Because Ni metal has higher work function (~ 4.96eV) than Co
metal(~ 4.41eV). It causes the retention different. Also Ni is compatible with the
current manufacturing technology of semiconductor industry.
3.2 Experimental procedures

Metal-oxide-silicon (MOS) capacitors were fabricated using silicon p-type wafers
[(100) orientation]. Figure 3-1 illustrates the process flow of fabricating Ni
nanocrystals. First, the wafers were chemically cleaned by a standard Radio
Corporation of America cleaning.The thin tunnel.oxide (3nm) was thermally grown
at 1000°C in vertical furnace system. Subsequently, a 3-nm-thick nickel layer was
deposited onto the tunnel oxide by electron beam evaporation. The Ni wetting layer
transformed the Ni nanocrystals after the Rapid thermal annealing (RTA) in the N;
ambient at 500°C for 60 sec. A 30-nm-thickness blocking oxide (HfO,) was capped
by sputter. The parameter of the high-k sputtering is 0.3 A/sec as rf power sputter in
150W under the working pressure of 20 mTorr. The flow rate of Ar/O; is 20/5 SCCM
(SCCM denotes cubic centimeter per minute at STP). The dielectric constant of HfO,

is 20. Finally, Al gate electrode was patterned and sintered. The structural analyses
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were performed by transmission electron microscopy (TEM). The capacitance-voltage

3.3 Results and discussions

(C-V) measurements were performed by a precision LCR meter HP 4284A to
study the electron charging and discharging effects of the Ni nanocrystals.

Table 3-1 presents AFM analyses of Ni thin film. Mean roughness of the Ni
metal film before and after thermal treatment are 0.229nm and 0.457nm, respectively.
It shows that the Ni nanocrystals are formed after thermal treatment. Figure 3-2 shows
the cross-section TEM of Ni nanocrystal memory structure. The figure presents the
structure of Si substrate/ tunneling oxide/ Ni nanocrystals. The well-separated and
spherical Ni nanocrystals are -observed. The higher-resolution image confirms the
presence of Ni nanocrystals of approximately 5.nm in diameter. The aerial density of
the Ni nanocrystals is measured to be 3.9x10%%/cm?.

Figure 3-3 presents the C-V characteristics of Ni nanocrystals embedded
between the SiO, and HfO, layers. It is found that a low operating voltage, 4 V,
causes a significant threshold-voltage shift up to ~ 1 V, which is sufficient to be
defined as ““1’” or *“0’" for the logic-circuit design. The electrons of the deep
inversion layer and holes of the deep accumulation layer were injected from the Si
substrate into the nanocrystals, so that the C-V hysteresis is counterclockwise. The

high-k blocking oxide concentrates the electric fields across the tunnel oxide and
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releases it across the blocking oxide under program and erase mode. This effect leads
to lower program and erase voltage. The blocking oxide is utilized to prevent the
carriers of gate electrode from injecting into the Ni nanocrystals by Fowler-Nordheim
tunneling. In addition, the Ni nanocrystals do not bear a voltage drop from gate
voltage, which means all the voltages provided from control gate are dropped to
tunnel oxide and control oxide and gains advantage over their semiconductor
counterparts. Figure 3-4 presents gate voltage dependence of the memory window.
The threshold voltage shift is increased with gate voltage.

The retention characteristics ,of the Ni nanocrystals were measured at room
temperature, as shown in Fig. 3-5.°If there are some leakage paths for the trapping
charges, the memory effect will'.gradually decrease. In Fig. 3-5, the good retention
characteristics can be founded and the memory effect without significant decreasing
up to 10* s. The charge loss rate only decreases to 15.65% after 10* s. It is clearly
shown that the Ni nanocrystals memory has excellent retention characteristic.

The programming characteristics of Ni nanocrystals memory were studied by
stressing samples with a pulse voltage of 5 V and a pulse width of 5 ms during
programming and erasing (P/E). Figure 3-6 shows the endurance characteristics of Ni
nanocrystals memory after different stressing cycles at room temperature. The

threshold voltage shift as a function of stressing cycles shows superior endurance.
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There was no degradation of the threshold voltage shift observed even after 10° P/E
cycles.

3.4 Conclusions

In summary, the nonvolatile memory device with Ni nanocrystals exhibits 1 V
threshold voltage shift under 4 V write operation, which is sufficient for a memory
device to define the signal “0” and “1”. The device has a long retention time with a
small charge lose rate. Besides, the endurance of the memory device is not degraded
up to 10° write/erase cycles.

3.5 Retention characteristics different with Co and Ni nanocrystals

memory device

This section discusses the retention different between Co and Ni nanocrystals
memory device. Fig. 3-7 shows the retention characteristic for Co and Ni nanocrystals
memory device. The charge loss rate of Co metal and Ni metal are 21.95% and
15.65% respectively after 10* s. The charge loss rate of Co metal is more than Ni
metal. Because Ni metal has higher work function (~ 4.96eV) than Co metal(~ 4.41eV)
as shown in Fig. 3-8. Fig. 3-8 presents band diagram of Ni and Co nanocrystals
nonvolatile memory during retention. The electrons tunnel from the Si substrate
through the tunnel oxide, and are trapped in the Co and Ni nanocrystals when device
is programmed. During retention the electrons want to go back Si substrate from the
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metal nanocrystals. The band offset between SiO, tunnel oxide and nanocrystals

become high due to high work function of metal. The higher band offset between

SiO; tunnel oxide and nanocrystals, the more difficult electrons go back Si substrate

from nanocrystals. The work function of Ni metal is about 4.96eV. Its more than Co

metal(~ 4.41eV). Therefore the retention characteristic of Ni nanocrystals is better

than Co nanocrystals.
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Fig. 3-1 Process flow of an HfFO2/Ni/SiO2/Si stacked structure
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sample|  without after RTA
thermal 5007, 60sec
argument treatment
Mean 0.229nm 0.457 nm
Roughness

Table 3-1 AFM analyses of Ni thin film.
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Fig. 3-2. Cross-section TEM micrographs of an Ni/SiO,/Si stacked

structure.
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Chapter 4

Fabrication and electrical characteristics of CoSi nanocrystals
nonvolatile memory with HfO, blocking oxide for memory device
applications

4.1 Motivation

The lots produced nonvolatile memory devices are based on the concept of a
continuous layer of floating gate up to now [4.1]. Although many popular products are
made by nonvolatile memory devices, it still has the difficulties of continue scaling
down [4.2]. It must compromise between long-term nonvolatility and high operating
speed [4.3]. Therefore the conceptiof distributed storage of charge has caught a lot of
attention lately. Tiwari et al. [4.4] was the first time demonstrated the Si nanocrystal
floating gate memory device in the early nineties to solve the scaling limits of the
conventional FG structure. The nanocrystal memory device can not only maintain
good retention characteristics when tunnel oxide is thinner but also lower the power
consumption [4.4-4.13]. Direct forming of the metal nanocrystals from metal (Co,Ni)
films have many problems. For example, the size of metal nanocrystals cannot be
controlled. The metal nanocrystals have more active with other materials during the
processes. It may cause the devices failure. So we search the materials which are more
stable than metal. In this study, we demonstrated the fabrication and memory

characteristics of CoSi nanocrystals embedded between the SiO, and HfO,, which is
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desirable for applications of the nonvolatile memory technology.
4.2 Experimental procedures

Silicon p-type wafers [(100) orientation] were chemically cleaned by a standard
Radio Corporation of America cleaning. The 3-nm tunnel oxide was thermally grown
at 1000°C in vertical furnace system. Subsequently, 3-nm a-Si layer and 3-nm Cobalt
layer were deposited onto the tunnel oxide by electron beam evaporation. As shown in
figure 4-1, the stacked structure was oxidized at 700°C for 5 minutes to form CoSi
nanocrystals. The nanocrystals were identified to be CoSi phase by the analysis of
electron diffraction pattern shown.in figure 4-2:[4.14]. A 30-nm-thickness blocking
oxide (HfO,) was capped by sputter. Finally; Al gate electrode was finally patterned
and sintered. The structural analyses were™ performed by transmission electron
microscopy (TEM). The capacitance-voltage (C-V) measurements were performed by
a precision LCR meter HP 4284A to study the electron charging and discharging
effects of the CoSi nanocrystals.

4.3 Results and discussions

Figure 4-3 shows the capacitor-gate voltage(C-V) characteristics of CoSi
nanocrystal embedded between the SiO, and HfO, layers. The electrical C-V
measurements are performed by bidirectional voltage sweep. In Fig. 4-3, with the

voltage swept from 9 to (-9) V and back to 9V, a significant threshold voltage shift of
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1.6 V is observed. As the swept voltage is increased to 12V, a more pronounced C-V
shift is observed. The electrons of the deep inversion layer and holes of the deep
accumulation layer were injected from the Si substrate into the nanocrystals, so that
the C-V hysteresis is counterclockwise. The high-k blocking oxide concentrates the
electric fields across the tunnel oxide and releases it across the blocking oxide under
program and erase mode. This effect leads to lower program and erase voltage. The
blocking oxide is utilized to prevent the carriers of gate electrode from injecting into
the CoSi nanocrystals by Fowler-Nordheim tunneling. In addition, the CoSi
nanocrystals do not bear a voltage drop from:gate voltage, which means all the
voltages provided from control gate are dropped to tunnel oxide and control oxide and
gains advantage over their Semiconductor counterparts. The inset was the
cross-section TEM of CoSi nanocrystals memory structure. It presents the structure of
Si substrate/ tunneling oxide/ CoSi nanocrystals/ HfO, blocking oxide. The
well-separated and spherical Ni nanocrystals are observed.

In Fig.4-4, the charge retention characteristics of the CoSi nanocrystals were
measured at room temperature. If there are some leakage paths for the trapping
charges, the memory effect will gradually decrease. In Fig.4-4, the good retention
characteristics can be founded and the memory effect without significant decreasing

up to 10* s. The charge loss rate only decreases to 33.33% after 10* s. The inset was
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threshold voltage shift versus time. It is clearly shown that the CoSi nanocrystals
memory has excellent retention characteristic.

The reliability of memory is major issue for nonvolatile memory devices. The
endurance of CoSi nanocrystals memory were studied by stressing samples with a
pulse voltage of +7 V and a pulse width of 5 ms. Figure 4-5 shows the endurance
characteristics of CoSi nanocrystals memory after different stressing cycles. The
threshold voltage shift versus stressing cycles shows superior endurance. There was
no significant degradation (only 17.1%) of the threshold voltage shift observed even

after 10° P/E cycles.

4.4 Conclusions

In conclusion, the nonvolatile memory device with CoSi nanocrystals exhibits
1.6 V threshold voltage shift under 9 V write operation, which is sufficient for a
memory device to define the signal “0” and “1”. The device has a long retention time
with a small charge lose rate. Besides, the endurance of the memory device is not

degraded up to 10° write/erase cycles.
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Chapter 5

Nickel silicide nanocrystals embedded in SiO, and HfO, for

Nonvolatile Memory Application

5.1 Motivation

Nonvolatile memory is a necessary indispensable component of modern
electronic systems. Nonvolatile memory is used in personal computers, cellular
phones, digital cameras, global positioning systems, etc. Conventional floating-gate
(FG) devices have their limitations, because of continued scaling of the device
structure. The tunnel oxide is thinner .with.the®.continued scaling down. So the
retention characteristics of miemory devices may. be degraded [5.1]. Recently,
memory-cell structure using discrete traps as the'charge storage media has received
much attention as the promising candidate to replace conventional dynamic random
access memory or flash memories for future high speed and low power consuming
memory devices [5.2-5.3]. Nanocrystals memory devices employing distributed
nanodots as storage elements have exhibited great potential in device applications
[5.4-5.10]. Among the different materials of nanocrystals, the metal nanocrystals
memory possesses several advantages, such as stronger coupling with the conduction
channel, a wide range of available work functions, higher density of states around the

Fermi level, and smaller energy perturbation due to carrier confinement [5.3]. Besides,
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using the high-k dielectric as the blocking oxide concentrates and releases the electric
fields across the tunnel oxide and the blocking oxide, respectively, under the
program/erase mode. Using a high-k dielectric as the blocking oxide leads to lower
program and erase voltage [5.11].
5.2 Experimental procedures

(100) oriented p-type silicon wafers were chemically cleaned by a standard
Radio Corporation of America cleaning, followed by formation of a 3-nm tunnel
oxide layer which was thermally grown at 1000°C in a vertical furnace system.
Subsequently, a 3-nm amorphous.silicon layeriand a 3-nm-thick nickel layer were
deposited onto the tunnel oxide! by electron beam evaporation, respectively. In
addition, a 10-nm amorphous silicon‘layer was:deposited on some of the samples.
Oxidation at 800°C 700°C and 600 ‘C was performed at 5min, 10min and 10min
respectively to form nickel silicide nanocrystals. The 30-nm-thickness blocking oxide
(HfO,) layer was deposited by sputtering. Finally, an Al gate electrode was
patterned and sintered. Figure 5-1 presents the process flow. The structural analyses
were performed by transmission electron microscopy (TEM). The capacitance-voltage
(C-V) measurements were performed by a precision LCR meter HP 4284A to study
the electron charging and discharging effects of the nickel silicide nanocrystals.

5.3 Results and discussions
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Figure 5-2 shows the forward and reverse sweep C-V characteristics, indicating

the electron charging and discharging effects of nickel silicide nanocrystals embedded

between the SiO, and HfO, layers. The bidirectional C-V sweeps were performed

from deep inversion to deep accumulation and in reverse, which exhibited an electron

charging effect. In Fig. 5-2, with the voltage swept from 8 to -8V and back to 8 V, an

outstanding threshold voltage shift of 0.7 V was observed. As the whisked voltage

was increased to 10V, a more obvious C-V shift of 1.3 V was seen. It is perceived that

the hysteresis is counterclockwise which is due to injection of electrons from the deep

inversion layer and injection of holes from the deep accumulation layer of Si substrate.

The resulting C-V shift indicates that the charging effects of nickel silicide

nanocrystals are more significant-than‘that seen for semiconductor nanocrystals. The

high-k blocking oxide concentrates the electric fields across the tunnel oxide and

releases it across the blocking oxide under program and erase mode. This effect leads

to lower program and erase voltage. When the device is written or programmed, the

electrons directly tunnel from the Si substrate through the tunnel oxide, and are

trapped in the nickel silicide nanocrystals. On the other hand, as the device is erased,

the electrons may tunnel back to the deep accumulation layer of the Si substrate. The

blocking oxide is utilized to prevent the carriers from the gate electrode from being

injected directly into the nickel silicide nanocrystals by Fowler-Nordheim tunneling.
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In addition, the nickel silicide nanocrystals do not exhibit a voltage drop from the gate

voltage, which means all the voltages provided from control gate are dropped to

tunnel oxide and control oxide and this provides an advantage over their

semiconductor counterparts. Figure 5-3 presents the cross-section TEM micrographs

of an HfO,/nickel silicide /SiO,/Si stacked structure with dry oxidation at 600°C. As

illustrated in Fig. 5-3, well-separated and spherical nickel silicide nanocrystals were

observed between the SiO; layer and HfO; layers. The nanocrystals were identified to

be a NiSi, phase through analysis of the diffraction ring pattern shown in Fig. 5-4.

Figure 5-5 shows the capacitance-voltage (C-V) hysteresis of sample with

a-Si/Ni/a-Si structure after dry-oxidation at-700°C . 1t was found that as the voltage

swept from 8 to -8V and back to 8 V, significant threshold voltage shift of 1.7 V was

observed. When the whisked voltage was increased to 10V, a more obvious C-V shift

of 2.1 V was seen. For samples oxidized at 600°C, these voltages were larger shift. In

figure 5-6, the voltage swept from 3 to -3V and back to 3 V, a threshold voltage shift

of 0.4 V was observed. When the whisked voltage was increased to 5V, a more

obvious C-V shift of 2 V was seen. Figure 5-7 presents the threshold voltage vs.

operation voltage for samples oxidized at different temperature. The sample which

used a—Si/Ni/a -Si structure had improved memory characteristics. As shown in

figure 5-1, the nickel silicide nanocrystals of «—Si/Ni/a -Si structure had random
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distribution between SiO, and HfO,. It was different from the « —Si/Ni conventional

device(distribution of plane) [5.10][5.12]. It shows that more charges were injected

into deep nickel silicide nanocrystals under programming mode. The charges which

were injected into deep nickel silicide nanocrystals resulted in the higher threshold

voltage. The operating voltage of the memory devices with a conventional floating

gate or semiconductor nanocrystals embedded in SiO; is above 7V [5.13-5.14]. In our

approach to fabricate the nickel silicide nanocrystals embedded in SiO, and HfO,, a

lower programming voltage of 4V and erasing voltage of -4 V realizes a significant

threshold voltage shift, 1.3 V, whichis sufficient to be defined as “1” and “0” by a

typical sensing amplifier for a memory device.

5.4 Conclusions

A nonvolatile memory device with NiSi, nanocrystals embedded in the SiO, and

HfO, layer has been fabricated. A significant memory effect is observed through the

electrical measurements. When a low operating voltage, 4V, is applied a significant

threshold-voltage shift, 1.3V, is observed. The processing of the structure is

compatible with the current manufacturing technology of semiconductor industry.
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Fig. 5-1 The process flow of nickel silicide nanocrystals.
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Fig. 5-2 The capacitance-voltage (C-V) hysteresis of nickel silicide
nanocrystals memory device after bidirectional sweeps between 8V/(-8V)

and 10V/(-10V).
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Fig. 5-3 The cross-section TEM micrographs of an HfO,/nickel silicide

/S10,/8S1 stacked structure.
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Fig. 5-4 The electron diffraction pattern corresponding to nickel silicide

nanocrystals.
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Fig. 5-5 The -capacitance-voltage (C-V) hysteresis of sample with

a-Si/Ni/a-Si structure after dry oxidation at 700°C.
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Fig. 5-6 The -capacitance-voltage (C-V) hysteresis of sample with

a-Si/Ni/a-Si structure after dry oxidation at 600°C .
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63



Chapter 6

Using double layer CoSi, nanocrystals to improve the memory effects

of nonvolatile memory devices

6.1 Motivation
Memory devices employing distributed nanocrystals as storage elements have
exhibited great potential to replace conventional dynamic random array memory or
flash memories for future high speed and low power consumer memory devices
[6.1-6.5]. Nanocrystalline silicon was introduced as a replacement for the
conventional floating gate in the.nonvolatile memory structure by Tiwari et al[6.1].
To date, most studies have focused on the fabrication on Si and Ge nanocrystals in
metal-oxide-semiconductor structure [6.6-6.11]). The use of a floating gate composed
of distributed nanocrystals reduces the problems of charge loss encountered in
conventional floating-gate electrically erasable programmable read-only memory
devices. It allows thinner tunnel oxide and, thereby, smaller operating voltages, better
endurance and retention, and faster program/erase speed [6.12-6.13].
The metal nanocrystals memory possesses several advantages, such as
stronger coupling with the conduction channel, a wide range of available work
functions, higher density of states around the Fermi level and smaller energy

perturbation due to carrier confinement [6.14]. Its implementation is compatible with
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the current manufacturing technology of semiconductor industry and represents a
viable candidate for low-power nanoscaled nonvolatile memory devices. The work
function of metal silicide is lower than metal. So the electrical characteristics are not
better than metal. Therefore we demonstrated the double layer device to improve the
retention and memory windows.
6.2 Experimental procedures

In the preset study, two sets of samples were prepared. The processes flow are
as follow; (100) oriented p-type silicon wafers were chemically cleaned by a standard
RCA cleaning, followed by a dry oxidation in-anatmospheric pressure chemical vapor
deposition (APCVD) furnace to form a 3-nm-thick tunnel oxide. Subsequently, a-Si
(3-nm)/Co (3-nm)/a-Si (3-nm) layers were deposited onto the tunnel oxide by electron
beam evaporation and plasma enhanced chemical vapor deposition. The compared
sample with single layer CoSi, nanocrystals was without the a-Si (3-nm) layer. The
stacked structure was, afterwards, thermal annealing at 700 “C for 10min to form the
double layer CoSi, nanocrystals. Subsequently, the 30-nm-thick HfO, was capped on
the stacked structure. Finally, Al gate electrode was patterned and sintered. The
structural analyses were performed by transmission electron microscopy (TEM). The
capacitance-voltage (C-V) measurements were performed by a precision LCR meter

HP 4284A to study the electron charging and discharging effects of the CoSi,
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nanocrystals.

6.3 Results and discussions

The inset of Fig. 6-1 represents a typical bright-field, cross-section TEM image.

After dry oxidation, the well-separated and spherical double layer CoSi, nanocrystals

are observed. The CoSi, nanocrystals were located between the tunnel oxide and the

control oxide. The characteristic is beneficial for the reliability and the yield of the

memory device.

Figure 6-1 shows the forward and reverse sweep capacitance-voltage (C-V)

characteristics, indicating the electron charging-and discharging effects of CoSi,

nanocrystals embedded in dielectrics. The bidirectional C-V sweeps were performed

from deep inversion to deep accumulation and-if' reverse, which exhibited electron

charging effect. In Fig. 6-1, with the voltage swept from 5 to -5V and back to 5V, an

outstanding threshold voltage shift of 0.5V is observed. As the whisked voltage was

increased to 7V, a more obvious C-V shift of 1.5 V was seen. It is perceived that the

hysteresis is counterclockwise which is due to injection of electrons from the deep

inversion layer and injection of holes from the deep accumulation layer of Si substrate.

The result of C-V shift indicated that the charging effects of double layer CoSi;

nanocrystals are more significant than the semiconductor nanocrystals. Figure 6-2

shows the different memory effects of the single and double layer CoSi, nanocrystals.
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There are much more electrons that can be stored in the double layer than single layer

nanocrystal memory device. The retention characteristics can be seen in Fig. 6-3. The

double layer CoSi, nanocrystals has better retention characteristic than the single layer.

The good retention characteristic of the double layer device is due to the

Coulomb-blockage effects on the top layer nanocrystals from the bottom layer

nanocrystals, as shown in Fig. 6-4 [6-15]. So, the memory effects of the nonvolatile

memory device can be improved by using the double layer nanocrystals. Figure 6-5

shows the band diagrams of “write” and “erase” operations of the double layer

nanocrystals with different gate polarities of thermemory device. When the device is

written or programmed, the electrans directly ‘tunnel from the Si substrate through the

tunnel oxide and are trapped in‘the top and bottem layer CoSi, nanocrystals. When

the device is erased, the electrons may tunnel back to the deep accumulation layer of

Si substrate. The control oxide is utilized to prevent the carriers of gate electrode from

injecting into the CoSi, nanocrystals by Fowler-Nordheim tunneling. In addition, the

CoSi;, nanocrystals do not bear a voltage drop from gate voltage, which means all the

voltages provided from control gate are dropped to tunnel oxide and control oxide and

gains advantage over their semiconductor counterparts. In our approach to fabricate

the double layer CoSi, nanocrystals embedded in dielectrics, a lower programming

voltage of 5 V and erasing voltage of -5 V realize a significant threshold voltage shift,
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which is sufficient to be defined as “1” and “0” by a typical sensing amplifier for a

memory device.

6.4 Conclusions

In summary, we have demonstrated the electron charging and discharging effects of

double layer CoSi, nanocrystals embedded in dielectrics. The double layer CoSi,

nanocrystals were formed by the thermal annealing of the a-Si (3-nm)/Co (3-nm)/a-Si

(3-nm) multi-layer structure. A significant C-V hysteresis of voltage shift of 1.5V is

observed under voltage operation of 7V. The memory effects of the nonvolatile

memory device can be improved by susing. the:,double layer nanocrystals. The

implementation of the present structure is‘compatible with the current manufacturing

technology of semiconductor industry and répresents a viable candidate for

low-power nanoscaled nonvolatile memory devices.
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Fig. 6-1. The capacitance-voltage (C-V) hysteresis of CoSi, nanocrystals
memory device after bidirectional sweeps between 5V/(-5V) and
7VI(-7V). The inset is cross-section TEM micrographs of an CoSi,

stacked structure.

69



N
(=

—#— Single layer CoSip NC
| === Double layers CoSip2 NC

-
&)

o
o

Threshold voltage shift (V)
o

o
(=

4 o 6 7
+/- Voltage Sweep (V)

Fig. 6-2. The different memory effects of the single and double layer

CoSi, nanocrystals.

70



10 years |
. 27°C —@— single layer CoSip NC |
i —4— double layers CoSip NC
10° 10" 10 10° 10* 10° 10° 10" 10°

Data retention time (sec)

Fig. 6-3 Data retention characteristics of the CoSi, nanocrystals memory

device.

71




retention A
—
el €
HfO, f . EC
metal | | v
~.] Si-substrate

CoSi, Si0,
.
S
e
HfO, ;T - E-
metal ,/7Z T EU
CoSi, Si-substrate

Sio,

Fig. 6-4 The band diagrams CoSi, nanocrystals memory device in

retention.

72



.1/8 E
. e C
write = E,
//=
; Si-substrate
HfO, /‘ /
Gate | —— I/ sio,
CoSi,
erase
N\
e
Gate HIO, R s
— | P N
( 5
N E,
CoSi,

Sio, Si-substrate

Fig.6-5. The band diagrams of “write” and “erase” operations of the

double layer nanocrystals with different gate polarities of the memory

device.

73



Chapter 7

Comparison electric characteristics with metal and metal-silicide
nanocrystals memory device with HfO, as blocking oxide

7.1 Motivation

We propose the metal (Co, Ni) and metal silicide (NiSi,, CoSi) nanocrystals
memory devices here. The metal and metal silicide nanocrystals memory possesses
several advantages. So we compare with metal and metal-silicide nanocrystals
memory device. To get which kinds of materials or methods is better.

7.2 Results and discussions

The electrical characteristics of metal present: good retentions and memory
windows. But direct forming of the metal-nanocrystals from metal (Co, Ni) films has
many problems. For example, the size of metal nanocrystals cannot be controlled and
the metal nanocrystals have more active with other materials during the processes. So
we use the metal silicide materials which are more stable than metal. The work
function of metal silicide is lower than metal. So the electrical characteristics are not
better than metal. Then we demonstrate the double layer device to improve the
retention and memory windows. Figure 7-1 presents process flow of metal-silicide
volume distributed charge traps. There are much more electrons that can be stored in

the double layer than single layer nanocrystal memory device. The double layer CoSi
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nanocrystals has better retention characteristic than the single layer. The good

retention characteristic of the double layer device is due to the Coulomb-blockage

effects on the top layer nanocrystals from the bottom layer nanocrystals. Table 7-1

illustrates the operation voltage of metal and metal-silicide nanocrystals memory

device dependence of memory window. The memory windows of Ni and Co

nanocrystals are almost the same under 7V operation voltage. The memory window of

single layer is 0.7V. Using the double layers memory device causes the same

threshold voltage shift as the metal nanocryatals. Table 7-2 shows the reliability

characteristics of metal and metal-silicide nanocrystals memory device dependence of

charge rate. The retention of Ni-nancrystals is‘better than Co nanocrystals. Because Ni

nanocrystals has higher work function“(~ 4.96eV/) than Co nanocrystals (~ 4.41eV) .

Because of low work function the retention of CoSi nanocrystals is lower than metal

nanocrystals. Using the double layers memory device improves the retention

characteristic. In the summary, the method of using double is the best.
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Nanocrystal | AVqy AVqy AV,
formation | (under 3V)| (under 5V) (under 7V)
. RTA
Ni Nanocrystal 500 °C 0.9 14 19
NVM
60sec
RTA
Co Nanocrystal 500 °C: 0.3 0.9 16
NVM
60sec
Single layer for Co- Dry
Silicide Nanocrystal | oxidation 0.5 0.7
NVM 700 °C 5min
Dry
Double layers for g
Co-Silicide 0;5520" 0.5 1.5
Nanocrystal NVM .C
10min

Table 7-1 The operation voltage of metal and metal-silicide nanocrystals
memory device dependence of memory window.
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Nanocrystal AV, decay AVy, decay
formation rate after 10? rate after 106
sec cycles
Ni N tal RTA
By 500 °C 15.65 % 2.34 %
60sec
RTA
CoNanoarystal | 500« 21.95 % 45 %
60sec
Single layer for Co- Dry
Silicide oxidation 33.33 % 17.1 %
Nanocrystal NVM | 700 °C 5min
Double layers for oxiggion
Co-Silicide 200 ° 19.41 % 7.7 %
Nanocrystal NVM _C
10min

Table 7-2 The reliability characteristics of metal and metal-silicide

nanocrystals memory device dependence of charge rate.




Chapter 8

Conclusions and Suggestions for Future Work

8.1 Conclusions

In this dissertation, the study on the advanced nonvolatile memory devices,
including nanocrystals nonvolatile memory devices, has been demonstrated. The
study on memory characteristics of Co nanocrystals memory device with HfO, as
blocking oxide was investigated. The characteristic of Co metal was its high work
function about 4.41eV. Once the charge trapping in the Co nanocrystals, it was more
difficult go back from nanocrystals®during retention. Also, the Co metal was
compatible with the current manufacturing technology of semiconductor industry. In
addition, nickel nanocrystals with HfO, blocking oxide for nonvolatile memory
application are also demonstrated. Because Ni metal has higher work function (~
4.96eV) than Co metal (~ 4.41eV) . It causes the retention different. The work
function of Ni metal is about 4.96eV. Its more than Co metal(~ 4.41eV). Therefore
the retention characteristic of Ni nanocrystals is better than Co nanocrystals. Direct
forming of the metal nanocrystals from metal (Co,Ni) films have many problems. For

example, the size of metal nanocrystals cannot be controlled. The metal nanocrystals
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have more active with other materials during the processes. It may cause the devices
failure. So we search the materials which are more stable than metal. Fabrication and
electrical characteristics of CoSi nanocrystals nonvolatile memory with HfO,
blocking oxide for memory device applications was studied. Also, nickel silicide
nanocrystals embedded in SiO, and HfO, for nonvolatile memory application was
also evaluated. The work function of metal silicide is lower than metal. So the
electrical characteristics are not better than metal. Finally, using double layer CoSi;
nanocrystals to improve the memory effects of nonvolatile memory devices was
studied in this dissertation.
8.1.1 Memory characteristics of Co nanocrystals memory device with
HfO, as blocking oxide

The Co nanocrystals using SiO, and HfO, as the tunneling and the control
dielectric with memory effect has been fabricated. A significant memory effect was
observed through the electrical measurements. Under the low voltage operation of 5V,
the memory window was estimated to ~ 1V. The retention characteristics were tested
to be robust. Also, the endurance of the memory device was not degraded up to 10°
write/erase cycles. The processing of the structure is compatible with the current
manufacturing technology of semiconductor industry.

8.1.2 Nickel nanocrystals with HfO, blocking oxide for nonvolatile
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memory application
A distributed charge storage with Ni nanocrystals embedded in the SiO, and

HfO, layer has been fabricated in this study. The mean size and aerial density of the

Ni nanocrystals are estimated to be about 5 nm and 3.9 10*%/cm?, respectively. The

nonvolatile memory device with Ni nanocrystals exhibits 1 V threshold voltage shift

under 4 V write operation. The device has a long retention time with a small charge
lose rate. Besides, the endurance of the memory device is not degraded up to 10°
write/erase cycles.

8.1.3 Fabrication and electrical characteristics of CoSi nanocrystals
nonvolatile memory:with HfO, ‘blocking oxide for memory
device applications

The CoSi nanocrystals with distributed charge storage elements embedded
between the SiO, and HfO, layer has been proposed in this study. The nanocrystals
were identified to be CoSi phase by the analysis of electron diffraction pattern. The
nonvolatile memory device with CoSi nanocrystals exhibits 1.6 V threshold voltage
shift under 9 V write operation. The device has a long retention time with a small
charge lose rate. In addition, the endurance is not degraded up to 10° write/erase
cycles.

8.1.4 Nickel silicide nanocrystals embedded in SiO, and HfO, for
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nonvolatile memory application
A nonvolatile memory device with NiSi, nanocrystals embedded in the SiO, and
HfO, layer has been fabricated. A significant memory effect is observed on the
characterization of the electrical properties. When a low operating voltage, 4V, is
applied, a significant threshold-voltage shift of 1.3V, is observed. The processing of
this structure is compatible with the current manufacturing technology of
semiconductor industry.
8.1.5 Using double layer CoSi, nanocrystals to improve the memory
effects of nonvolatile memory devices
The nonvolatile memory-device with-multilayer nanocrystals has advantages
such as the memory effects can be*increased by the increasing density of the
nanocrystals and the whole retention characteristic can be improved. There are much
more electrons that can be stored in the double layer than single layer nanocrystal
memory device. The double layer CoSi, nanocrystals have better retention
characteristic than the single layer. The good retention characteristic of the double
layer device is due to the Coulomb-blockage effects on the top layer nanocrystals
from the bottom layer nanocrystals. So, the memory effects of the nonvolatile

memory device can be improved by using the double layer nanocrystals.
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8.2 Suggestions for Future Work
There are a number of topics relevant to this thesis which deserves further
studies. The following topics are suggested for future work.
(1) Investigation of new material to improve the memory effect of metal
nanocrystals.
(2) Investigation the memory effects of the SICN films.
(3) Investigation of the formation of metal nanodots fabricated by the oxidation
of metal silicide.
(4) Investigation of the memory effects :of the metal oxide thin films and

nanodots.
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