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Abstract

Nanocrystals (NC) embedded in dielectrics have attracted a great deal of attention
recently because they can potentially be applied in nonvolatile, high-speed, high-density
and low-power memory devices. Compared with conventional floating gate memories
such as flash, a device composed of nanocrystals isolated by dielectrics benefits from a
relatively low operating voltage, high endurance, fast write-erase speeds and better
immunity to soft errors. The nanocrystal materials suitable for the nanocrystal floating
gate memory application can be either metals or semiconductors. Recent studies have
shown that highk dielectrics, instead of SiQfor the tunneling layer in nanocrystal
floating gate memory can improve the trade-off between data retention and program
efficiency due to the unique band alignment of Higtiielectrics in the programming
and retention modes. Being physically much thicker than,3i@hk dielectrics such
as HfQ with leakage current several orders of magnitude smaller thanv8it the
same equivalent oxide thickness (EOT), result in superior data retention property. The
lower electron barrier heights of highdielectrics can also reduce the programming
voltage and thus the operation power compared to the traditionally usedg&i©
dielectric. In this project, HfAIO has been selected as the kidlelectric for the
nanocrystal floating gate memory structure, since it has been shown to be a promising
highk material.

Two deposition techniques, namely pulsed-laser deposition (PLD) and nanocluster
source, have been implemented to fabricate nanocrystals. Structural properties of the
nanocrystal floating gate memory trilayer structures were characterized by transmission
electron microscopy, and atomic force microscopy. Their memory and charge retention
characteristics were characterized by capacitance-volGy#, (capacitance-timeCtt)

and current-voltagd {V) measurements.
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The trilayer structure (HfAIO/Ge-NC/HfAIO) on Si was fabricated by PLD at a
relatively low temperature. The effects of deposition temperature and growth rate in
forming Ge nanocrystals were investigated and it revealed that relatively low substrate
temperature and growth rate are favourable for the formation of smaller-size Ge
nanocrystals. Effects of size/density of the Ge NC, the tunneling and control oxide layer
thicknesses and the oxygen partial pressure during their growth on the charge storage
and charge retention characteristics have also been studied. The island structure of the
Ge NC suggests that the growth is based on the \Volmer-Webber mode. The
self-organized Ge nanocrystals so formed were uniform in size (5-20 nm diameter) and
distribution with a density approaching*010"*cm™. Flat-band voltage shift\Vrg) of
about 3.6 V and good retention property have been achieved.

Another approach is to use a nanocluster source combined with PLD. The
nanocluster source has been shown to be capable of generating nanoclusters of
semiconductors and metals with the size of a few nanometers, which is the ideal size for
nanocrystal floating gate memory application. The implementation of the nanocluster
source in fabricating semiconductor nanoclusters is expected to provide a new approach
for the fabrication of nanocrystal floating gate memory. By varying aggregation distance,
sputtering gas pressure and ionization power, nanoclusters of Ge with different sizes can
be formed. Memory effect of Ge nanocluster floating gate memory structure consisting
of HfAIO high-k dielectric tunneling and control oxides has been investigated. The
memory effect of the trilayer structure (HfAIO/Ge-NC/HfAIO) so formed with 10 nm
Ge nanoclusters are manifested by the counter-clockwise hysteresis loopUJiVthe
curves and a maximum flat-band voltage shift of 5.0 V has been achieved.

The major advantages of metal nanocrystals include higher density of states around

the Fermi level, stronger coupling with the conduction channel, a wide range of
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available work functions, and smaller energy perturbation due to carrier confinement.
For comparison purposes, metal nanocrystals have also been investigated by utilizing
both of the physical deposition methods as mentioned above. Silver (Ag) nanocrystals
with size of 10-40 nm have been embedded in HfAIO matrix in the trilayer capacitor

structure and a flat-band voltage shift of 2.0 V has been achieved.
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Chapter 1 Introduction

The first prototype floating gate nonvolatie memory (NVM) devices were
introduced in the early 70’s at Bells Telephone Laboratory by Kahng and Sze [1]. In this
memory device, electrons were transferred from the floating gate layer to the Si substrate
by tunneling through a 3 nm thin silicon dioxide (9i@yer. This novel device at that
time revolutionized the memory industries which still concentrated on magnetic-core
memory. The invention of floating gate NVM raised researchers’ attention to the
massive market of portable electronic systems, thus, a new memory structure, the
so-called flash memory, has widespreaded rapidly since commercialized from the early
90’s. Figure 1 is a simple diagram showing a flash memory cell based on floating gate
electron tunneling mechanism. A memory cell is an electronic device or system element
that contains one bit of information. A standard commercial flash device is illustrated in
Fig. 1. The basic device is a metal-oxide-semiconductor field effect transistor
(MOSFET) with a modified gate stack structure that has a control gate and a floating

gate embedded in a dielectric material such as silicon dioxide)(BiQ].

Control gate

Sio,

T

MOSFET

Figure 1 A schematic diagram of a standard commercial flash memory.[1-2]
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However, to sustain the continuous scaling into nanometer scale, conventional
flash devices may have to undergo revolutionary changes. The scale of stacked-gate
structure is one of the major limitations in scaling down of the conventional flash
memory [3]. The reason is that, on one hand the tunnel oxide layer must provide
electronic charge transfer path between floating gate layer and channel; on the other
hand, the tunnel oxide must also provide superior isolation under retention in order to
maintain the charge storage over a period of up to a decade. Thus, the thickness of
tunnel oxide is a trade-off between fast-write-erase speed and retention reliability.
Usually, local defect and leakage path will be present in the tunnel oxide layer after the
memory cell is being operated repeatly under high electric field stress (to boost the
program/erase current), and consequently, charges stored in the whole continuous
floating gate layer will lose in the leakage path. This mechanism is called stress-induced
leakage current (SILC). Therefore, if the tunnel oxide is too thin, the retention
characteristics will be degraded. In contrast, when the tunnel oxide becomes thicker for
better isolation, the read-write speed will be reduced.

Following is a brief review of the flash memory industry development in recent
years and some discussions of the scaling down issues regarding future memory

applications.

1.1 Flash memory development

1.1.1 Conventional flash memory
Flash memories have been developed from single device component to megabit
NVM arrays since Fujio Masuoka from Toshiba first introduced the concept of flash

memory in 1984 [4]. Flash memory is a type of electrically erasable and programmable
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read only memory (EEPROM) that allows blocks, which consist of a large number of
memory cells, to be erased or written in a single action, i.e., in a flash (and hence its
name). A flash memory is much faster than a conventional EEPROM, which allows
erasure and writing only at the byte level. Flash memory cells provide reading and
programming for a byte or a word at one time in random access manner and fast
simultaneous block electrical erase (i.e. erased by the entire chip or large sections of the
chip).

Many electronic portable devices such as mobile phones, digital camera, personal
data assistants (PDA) and compact flash memory cards are fabricated based on flash
memory cells due to the advantages of low-power and robust flash systems [2].

Recently, the system-on-chip (SOC) concept for ultra-large scale integration (ULSI)
of microelectronic devices has received a great deal of attention. To increase system
speed and capability, functional modules (e.g. digital logic, memory, analog components
and signal processing) are integrated on a single chip based on this circuit-level
integration concept. Embedded flash devices will bring to the SOC design the ability of
in-system re-programmability and non-volatile data storage. This capability will lead to
low-power and easily re-configurable systems with dense memory capability in future
[2].

Integrating an effective flash technology compatible with the standard CMOS
device process flow faces many challenges. Inter-related scaling requirement for voltage
and gate oxide for embedded flash devices is one of the prominent problems. The
aggressive scaling of gate dielectric to eliminate short-channel effect in logic devices is
intrinsically incompatible with the requirement to preserve a minimum dielectric
thickness in flash devices to maintain oxide reliability and data-retention [2].

In addition, the program and erase voltages of flash devices are typically above 10
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volts. This is too large for the one-volt-operation of logic CMOS devices, and will cause
the increase of irregular failure bits and stress-induced leakage current when a device is
stressed under high bias conditions [2].

Consequently, research for embedded flash devices need to consider the following
points [2]:

1) down scaling of device memory cell size,

2) low voltage operation.

To sustain the continuous scaling into nanometer regime, conventional flash
memory devices may have to change with novel device concepts with new physical

approaches.
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1.1.2 Novel structures of flash memory

For conventional flash memory, programming uses channel hot electron (CHE)
injection and the erase uses Fowler-Nordheim (F-N) tunneling, and the tunnel oxide
under the floating gate cannot be scaled much below 100 A. When the oxide gets too
thin, it will develop leakage paths causing electrons stored in the floating gate to leak
out, which reduces both the reliability and scalability of device. The commercial life of
flash products, therefore, is predicted to be only about 5-8 years.

To circumvent limitations of conventional flash memories, new device concepts
that can solve the leakage problem through oxide defects are being considered. Among
the recent proposals are SONOS (Silicon/Oxide/Nitride/Oxide/Silicon) [5-7] (Fig 1.1.1),
NROM (Nitride Read-Only Memory) [8-9] and nanocrystal floating gate memories.

Engineered tunnel barrier is another type of new-structure flash memory which
includes crested Dbarrier floating gate memory [10-11] and phase-state
low-electron-number drive memory (PLEDM) (Fig.1.1.2) [12-13]. The crested barrier
concept uses a stack of insulating materials to create a special shape of barrier enabling
effective Fowler-Nordheim tunneling into and out of the storage node [10-11]. In the
PLEDM memory cell, electrons are injected into the memory node through stacked
multiple tunnel junctions with a double-gate structure. Engineered tunnel barriers serve
to increase the read/write performance of memory cells while sustaining a long retention
time typical for floating gate memories. The approach of floating gate memory with
engineered tunnel barriers is currently in concept stage, since no memory operation has

been experimentally demonstrated.
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Figure 1.1.1 (a) Basic SONOS memory device structure. Arrows show paths of electron transport
during memory operation. The electrons hop between trap sites (blue dots) within the
SisNg layer. Fig. 1.1.1(b) Energy diagram illustrating the physical process of a typical
SONOS program operation. [2]

CROSS-SECTION OF A PLEDM MEMORY CELL
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1
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Figure 1.1.2 Cross-section of a PLEDM memory cell.[12-13]
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1.1.3 Nano-floating gate flash memory

Nanocrystal floating (also called nano-floating) gate memory is a modified floating
gate memory by replacing the continuous poly-Si layer with discontinuous nanocrystals
(see Figs. 1.1.3 and 1.1.4). Nano-floating gate memory, composed of nanocrystals
isolated by dielectric, increases the reliability and scalability because a single oxide
defect does not lead to complete charge loss, and therefore is a promising device for
application in future nonvolatile, high-speed, high-density and low power consuming

memory.

Nano-floating gate memory, as a basic building block of semiconductor nonvolatile
memories, can be used in many fields including PC, communications, consumable
electronic products (such as PDA, MP3, mobile phone, and digital camera), and so on.
According to the statistics and prediction, the flash memory market in 2004 was about
$17.3 billion and has grown continuously because of the accretion of consumable
electronic products. By 2007, flash memory is expected to be a $43 billion industry,
according to Semico Research. Therefore, as a substitute of flash, nano-floating gate

memory should have a greater market in the future.

IBM researchers first proposed a flash memory with a granular floating gate made
out of silicon nanocrystals [14-15]. Fig. 1.1.3 is the schematic cross-section image of

the prototype Si nanocrystals floating gate memory.
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control oxide

Figure 1.1.3 A schematic diagram of a nanocrystal floating gate memory cell.[14-15]

The memory node of nano-floating gate memory consists of multiple or single
silicon nanocrystal dots [2]. The multiple floating dots are separated and independent,
and electrons are injected to the dots via different paths. The endurance and retention
problem can be much improved in multidot (nanocrystal) memory. Nano-floating gate
memory with nanosized memory node is sometimes referred as single electron memory

[16].

=
E1
0

.
TRy

Figure 1.1.4 Charges stored in isolated storage nodes within the dielectric matrix (a), compared with a

normal floating gate memory (b). [2]
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These technologies replace the continuous floating gate structure with a great
number of isolated nanocrystal charge-storage nodes in the dielectric. Continuous
floating gate makes the conventional flash memory structure more easily to fail due to
failure of charges isolation. Fatal path for discharging leads to the occurrence of
long-term volatility even though there is only a small defect in the tunnel oxide layer.
Unlike the continuous floating gate structure, due to the distributed nature of the charge
storage node, stored charges in the nanocrystal layer cannot easily redistribute among
themselves. Therefore, if the distributed storage node density is much higher than the
defect density in the isolation dielectric, only a relatively small number of nodes will
lose their stored charges through defects. That is to say, nano-floating gate memory is
characterized by good immunity to SILC and local oxide defects [3,17]. This effectively
prevents the leakage of all the stored charge out of the distributed nanocrystal floating

gate layer (Fig. 1.1.4). Thus, aggressive scaling down of tunnel oxide can be achieved.

In 2003, Motorola announced a fully functional 4-megabit test memory chip, based
on silicon nanocrystals and using standard deposition tools for 90 nm processes [18].
This is a key milestone in the development of nano-floating gate memory. Freescale
semiconductor has had the technology ready for embedded use in system-on-chip (SOC)
products such as highly integrated microcontrollers and digital signal processors [19].
International Technology Roadmap of Semiconductors (2005 edition) continues to
suggest the incorporation of highdielectric with nanocrystal as nano-floating gate

memory [20].
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1.1.4 Motivation of this project

The nanocrystal floating gate memory has attracted a great deal of attention
recently because it can potentially be applied in nonvolatile, high-speed, high-density
and low-power memory [2-3, 14]. Compared to conventional floating gate memories
such as flash, a device composed of nanocrystals isolated by dielectrics benefits from a
relatively low operating voltage, high endurance, fast write-erase speeds and better
immunity to soft errors [14].

For the first nano-floating gate memory, the materials of nanocrystals and
dielectrics were Si and SjOrespectively [14-19, 21-42]. In the last two years, research
has focused on higk-dielectric as the tunnel layer [43-61]. Results show that kigh-
dielectrics such as HfQOnstead of Si@for tunnel layer in nano-floating gate memory
can improve the trade-off between data retention and program efficiency due to its
uniqgue band asymmetry in programming and retention mode [47]. Severak high-
materials including SN4 [43-46], HfQ, [47-52], AbOs [53-57] and ZrQ [57-58] have
been studied, and H{Qs one of the most promising highmaterials because of its
high dielectric constant and high energy band gap. Results also show that HfAIO
combines the advantages of Hfénd AbOs. [59-68]

In recent years, several new memory nodes such as Ge [55, 57, 59-61, 69-95],
SiGe [51-52, 58, 96], Ni [48-50], Au, Ag, Pt, Co, Cu, TiN, and Sn [56, 97-114] have
been investigated, and some of them were incorporated withkldgHectrics [48-52,

55, 57-61]. The Ge nanocrystal is considered to be an ideal memory node due to its
relatively small band gap compared to Si and compatibility with current complementary
metal-oxide-semiconductor (CMOS) technology. However, it is still difficult to
fabricate uniform and self-organized Ge nanocrystals. Most of the methods, including

thermal annealing of Ge and dielectric mixture layer [55, 57], Ge ion implantation [69],
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and oxidation of SiGe [70-71], require annealing at high temperatures. &aofO0]
has fabricated Ge nanodots on the Si@atrix by low-pressure chemical vapor
deposition. However, silicon nuclei are needed in this method.

Therefore, in this project, integration of nanocrystals including semiconductor Ge
nanodots and metal Ag to higheielectric (HfAIO) as a new approach to fabricate
nano-floating gate flash memory is studied. New approaches in fabricating Ge and Ag
nanodots, i.e. by means of pulsed-laser deposition and nanocluster beam source, are

tackled.

1.1.5 Key issues and problems that need to be addressed
Up to now, the key issues and problems for nano-floating gate memory are the
followings:
(1) the formation of uniformly distributed nanocrystals whose size and density can
be controlled;
(2) an appropriate tunnel layer that not only allows the charges tunnel through it
and be stored into nanocrystals easily, but also can efficiently prevent the stored
charges from leaking back into the channel layer;

(3) the optimization of device structure, and thus the performance of MOS.

In this project, the investigation will mainly focus on these key issues and to
fabricate a nano-floating gate memory capacitor with high performance. Several novel
ideas have been proposed in this program:

(1) fabricate well self-organized nanocrystals by pulsed-laser deposition (PLD) and

nanocluster beam source;

(2) employ highk dielectric as the tunnel layer and control layer to improve the

trade-off between programming time and retention time.
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1.2 High«k dielectric material considerations

1.2.1 Introduction on highk dielectrics

Recently, a great deal of effort has been paid to develop an alternative
high-permittivity (highk) gate dielectric material in replacement of the currently used
SiO; for further shrinking of the feature size to below sub 0l [115]. The driving
force for highk dielectrics is to solve the main problems related to high field stressing
and the leaky scaled-down oxide barrier during the program and erase operations in a
nonvolatile memory [2]. Higlk dielectric materials would be able to improve the gate
capacitance and thus, maintain an equivalent potential difference between the floating
gate and the device body, with a thicker oxide layer (greater physical thickness)
compared to Si@ Thus, the leakage current density can be suppressed and continuous
scaling can be achieved.

Many materials are currently under investigation as a potential replacementfor SiO
as the gate dielectric material to meet the next generation CMOS technology requirement.
Among the reported materials,sSi, TaOs, TiO,, Al,Os; SrTiGs;, HfO,, ZrO, and
pseudobinary systems (Zr-Si-O and Hf-Si-O, Hf-Al-O) have been thought of being
possible candidates [43-68, 115-178]. Some key guidelines for selecting an alternative
gate dielectric are (a) permittivity, band gap, and band alignment to Si, (b)
thermodynamic stability, (c) film morphology, (d) interface quality, (e) process
compatibility, and (f) reliability [115]. In this thesis, | would only address some of the
above guidelines which are mainly related to retention properties for relevant memory
application.

The above-mentioned dielectrics appear favorable in some of these areas, but very

few materials are promising with respect to all of these guidelines. For example, except
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Al>O3, all the other dielectric materials suffer from reaction with Si substrate to form SiO
and thus downgrade the higtproperty and increase the equivalent oxide thickrigds (
This is a severe limitation as a gate dielectric. FegDAlhowever, a layer of Sizan still

be formed during AD; deposition by most of the techniques. In addition, due to the
relatively low dielectric constank € 9) of ALO; and easy path for boron diffusion, when
polysilicon is used as the gate, it is only a short-term solution [121].

Silicon nitride (SiN4), as a common higk-material in the current CMOS process
flow, is a very promising candidate for alternative dielectric material to replage SiO
[43-45]. However, the thickness gain by (k = 7.5) is not much since its dielectric
constant is rather close to that of Si® = 3.9). This fact is encouraging extensive
research for more higkmaterials. So far, most of the highmaterials investigated are
quite incompatible with standard CMOS processes. Moreover, a thickerk high-

dielectric would only improve memory data retention at the expense of program speed

[2].

Nano-floating gate memory devices using a crested tunnel barrier made of a stack of

nitride—oxide—nitride (NON) layers have been demonstrated with enhanced performance

in terms of programming/erasing speed and voltage, and retention time comparable to

devices using a single tunnel Siarrier has been obtained [46].
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Figure 1.2.1 Energy band diagrams of the Ge nano-floating gate structure at flat-band condition [60].

Table 1.2.1 Band gaps of common materials at room temperature.[116]

Material Eq k
Si lleV
Ge 0.6 eV
SiO, 9.0eV 3.9
AlO3 6.2;8.8eV 9-11
ZrO, 5.8 eV 14-25
HfO> 58eV 15-26
HfSiOx 6.5eV 3.9-26, 11*
HfAIO - 12-17*

* Typical values for Hf silicates corresponding to x=0.35.

** Experimental value.
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Effort has also been paid to investigate the influence of embedding the nanocrystals
within other highk gate dielectric [46-61]. Table 1.2.1 compares the relevant properties
for some highk candidates and semiconductors. Figure 1.2.1 represents the band
diagram of a nano-floating gate capacitor structure consisting of Ge nanocrystals
embedded in HfAIO thin film matrix with Pt electrode. This approach exploits the
smaller conduction band offset between hkgmaterials and Si channel, as well as the
larger physical thickness, of higdielectric compared to S}@unnel barriers. Although
no improvement in programming speed is expected when usind higtectric tunnel
layer, lower programming voltages and better data retention can be achieved [21].

Among the various higk-dielectrics, HfQ and Hf-based dielectrics are promising
candidates to replace Si@ act as the thin film matrix in future memory application
[47-52, 59-61]. Wangt al. [59] have synthesized Ge nanocrystals embedded in HfAIO
highk dielectric by co-sputtering of HEQAI-Os, and Ge. A nonvolatile flash memory
device using Ge nanocrystal floating gate embedded in HfAIO tunneling/control oxides
has been fabricated by Cheiral. [60]. We have also shown that Aimbient annealed Ge
nanocrystal embedded HfAIO and LaAlQunneling/control oxides floating gate
memories are promising for future floating gate devices [179-183].

Lee et al. [47] have demonstrated the tunneling dielectric properties of Si
nanocrystal memory devices both experimentally and theoretically. Figure 1.2.2 is the
overall energy band diagram of the Si nanocrystal memory structure and the enlarged
conduction band edge profiles of Si nanocrystals/tunneling dielectric/Si-substrate [47].
Kim et al. [58] has achieved a low write voltage and improved retention time by using

ZrO; highk dielectric as tunneling oxide.
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Figure 1.2.2 Energy band diagram of Si nanocrystal memory with Bif@quilibrium, and enlarged

conduction band-edge profile of Si nanocrystal/tunneling dielectric/Si substrate of @) HfO

(b) SiQ, , at writing mode. Dashed lines in (a) and (b) indicate conduction band edge profile

at data retention. [47]
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1.3 Nanocrystals implemented in this project

1.3.1 Ge nanocrystals

The conventional floating gate memory consists of a continuous layer of poly-Si
floating gate layer between the control and tunnel oxide. Thus, the first trial material to
fabricate the nano-floating gate memory was Si [14-18]. Motorola announced a fully
functional 4-megabit test memory chip based on Si nanocrystals using standard
deposition tools for 90 nm processes. Motorola planned to have the technology ready
for system-on-chip products. Freescale Semiconductor successfully pioneered the use of
nanocrystals in memory devices in March 2003, and discussed the demonstration of its
4-Mbit nanocrystal memory device in the December 2003 IEEE International Electron
Devices Meeting (IEDM) in a paper entitled "A 6-V embedded 90-nm silicon nanocrystal
nonvolatile memory" [18].

A non-volatile memory technology which is denser, faster and more cost-effective
than conventional flash memory technology is closer to production, due to the continued
efforts of Freescale Semiconductor to optimize the properties of Si nanocrystals.
Freescale has manufactured the world's first 24-megabit (Mbit) memory array based on Si
nanocrystals, which is a major step toward replacing conventional floating gate-based
flash memories [19].

Nanocrystal storage is being forecast as the technology for the 45 nm technology
node or beyond and as an extension to the floating gate or trapping site storage flash
memories [184].

As Ge has smaller band gap and higher electron affinity when compared with Si, it
is more favorable being the charge storage node in the nano-floating gate memory. A

smaller band gap in Ge makes the minimum of the conduction band of Ge nanocrystals
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lower than that of the conduction band in the Si channel of the MOS memory deiwjce (

is approximately ~ 0.05eV for Ge/Si). This allows the same programming voltages but
better retention characteristics for Ge nanocrystals since the back tunneling probability —
from the nanocrystal to the channel — is considerably reduced. [21]

Sheet al. (Berkeley, USA) suggested that Ge nanocrystal memory devices could
provides at least fOtimes larger retention-time to write-time ratio than convectional
floating gate memory devices and the optimum size of the nanocrystal is around 5
nm.[95] A Ge nanocrystal quasi-nonvolatiie memory devices with, Si@s
demonstrated by Kingt al. [70]. The significance of this device is that it can be
programmed at low voltage and high speed. However, trap sites will be formed during
the Ge implantation process and can degrade device performance. A Singapore-MIT
Alliance research group reported the memory characteristics of Ge nanocrystals using a
MOS structure in a trilayer configuration [78].

As mentioned in the previous section, nano-floating gate memory can have
significantly improved programming efficiency and retention characteristics by using
highk dielectic. Wanet al. (from China Shanghai IMIT) reported the memory
characteristics of Ge nanocrystals embedded i®A4nd indicated that annealing can

effectively passivate the negatively charged tapping centers [55].
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1.3.2 Metal nanocrystals

Metal nanocrystals have recently attracted much attention as charge storage
elements in memory devices [48-50, 56, 97-114]. In principle, metal nanocrystals should
present advantages over semiconductor nanocrystal floating gate memories. The higher
electron affinity of several metals compared with Si allows engineering the potential well
of the storage nodes in order to create an asymmetric barrier between Si channel and the
storage nodes (Fig. 1.3.1). This form of barrier makes programming operation easier. At
the same time, a higher energy barrier of metal nanocrystal also enhances retention
characteristics. During erase operation, the Fermi level of the nanocrystal is brought
above the Si conduction band edge, enabling high-erase current through the tunneling
oxide. In addition, the high density of states around the Fermi level in a metal nanocrystal

reduces the influence of traps at the nanocrystal/oxide interface [21].

Gate Channel

LO 33> «

Figure 1.3.1 Energy barriers in the particular case of a metal nanocrystal with higher work function from

silicon (channel area). [21]

Research on metal nanocrystals for floating gate memories is more limited and more
recent than corresponding research efforts using semiconductor nanocrystals [21]. Z. T.
Liu et. al. [97-99] has fabricated various types of metal nanocrystals (such as Au, Ag, Pt,

W and Co) by the deposition of thin metallic films using evaporation of metal on top of a
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tunnel thermal oxide by RTA at 80XC. The size and density distribution of metal
nanocrystals formed depend on the RTA conditions and the thickness of the deposited
thin film as reported. The resulting floating gate memory devices prepared using this
technique show clear memory windows. This technique could be further explored in
future generations of metallic gate MOS devices since it allows more flexibility on
nanoparticle energy barrier engineering. A Texas group [48-49] and a National Sun
Yat-Sen University group [104-106] also performed a series of experiments regarding
the promising nano-floating gate memory by utilizing metal nanocrystal. Metal
nanocrystal deposition for floating gate device by utilizing a room temperature
deposition technique has been also achieved [107]. In my project, Ag nanocrystals were
selected for tackling the metal nanocrystal floating gate memory. Ag has a relatively
high E; of about 4.46 eV (Fig. 1.3.2) and rareness is less than that of gold and platinum,

and thus greatly reduces cost.

A A
CDAg-Nc
4.46eV
1 4.05eV
5.36eV
2.10eV
\ 4
v E
6.0eV  — ¢
Yy | | —_— P_—
Ev
Pt Ag-NC
p-Si substrate
A\ 4
HfAIO HfAIO

Figure 1.3.2 Energy band diagram of Ag trilayer nano-floating gate structure at flat band condition.
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1.3.3 Size effect of nanoclusters

In nano-floating gate memory, when the memory node nanocrystals approach to a
size of about 5 nm or below, some size effects need to be considered when analyzing
their memory and retention properties. Usually, the size effects need to be considered

are quantum confinement effect and Coulomb blockade effect.

® Quantum confinement effect

Quantum confinement effect of a nanodot is a phenomenon of the nonzero lowest
energy and quantization of the allowed energy levels in low-dimensional structures.
This phenomenon arises from the confinement of electrons within a limited space. It is
illustrated as follows [185]:

A free electron moving in three dimensions has a kinetic energy corresponding to

the space components of its impulsepy, pz:

&= 2;* (b2 p,2+p.2),
or
E-= 2m*(k vk,?+k7),

wherem* is the effective mass of electron, which in solids is usually appreciably less
than the electron rest mass. k;, ky, k; are the space components of the wave vector.
Free motion of electrons in a low-dimensional structure is restricted, at least in one
direction. In this direction, let it be the direction, the forces which confine the
electrons can conveniently be described by an infinitely deep potential well, as

illustrated by Figure 1.3.3.
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Figure 1.3.3 Potential well and wave functions of electrons confined in it.[185]

Noting thata is the width of the well ix-direction, the electrons have zero
potential energy in the region g<a. Infinitely high impenetrable potential barriers
prevent them from straying beyond this region. Thus, the electron wave function drops
to zero atx=0 anda. Only a restricted set of wave functions meet these requirements.

They can be only standing waves whose wavelengthkes one of the discrete values

given by:
P
n
(wheren=1, 2, ......). The allowed wave vectors of the waves are :
k = 2z _nz
A a

n

The discrete wave vectors result in the set of discrete energy states of electrons

defined by:

E_ nanz _ T]Zﬂ'znz

" 2m 2ma?

The integern is a quantum number that labels the state. It means that electrons
confined to a region of space can occupy only discrete energy levels. The lowest state

has the energy :

2.2

T] T
El:2ma2
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The number of the directions remaining free of confinement is used for
classification of elementary low-dimensional structures within three groups. These are

guantum film, quantum wire and quantum dot shown schematically in Fig. 1.3.4.
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Figure 1.3.4 A schematic diagram of electron energy band structure and how the density of

states changes as a function of dimensionality.[185]
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A quantum films is two-dimensional (2D) structure in which quantum confinement
acts only in one direction, which is in thélm thickness direction in Fig. 1.3.4. Charge
carriers are free to move in the plane of the film, giving their total energy to be a sum

of the quantum confinement induced and kinetic components:

2m 2m

In thek-spacek, is represented by a set of parabolic bands called sub-bands. It can
be seen that the sub-bands overlap in energy. The minimum energy that an electron can

have in then™ sub-band is:

2__2,.2
LA
2ma

, Wwhen there is no motion in the plane.

Density of states in a quantum film has a characteristic staircase shape, replacing
the parabolic shape typical for free electrons in three-dimensional (3D) structures.
Electrons in quantum films are usually considered as a two-dimensional electron gas
(2DEG).

A quantum wire is one-dimensional (1D) structure. As compared to quantum films,
one more dimension of the structure appears to be so small as to provide quantum
confinement, and charge carriers are free to move only along the wire. Thus, only one
kinetic component along with the confined energy contributes to the total energy. As a
consequence, the density of states Ei¥sdependence for each of the discrete pairs of

states in the confined directions.
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A quantum dot is zero-directional (OD) structure in which the carriers are confined
in all three directions. Their energy states are quantized in all directions and the density
of states is represented by series of discrete, sharp peaks resembling that of an atom.
This comparison is the origin of the labeling of quantum dots as artificial atoms.
Quantum dots are usually formed by a definite number of atoms. They are typically
represented by atomic clusters or nanocrystals [185].

How are quantum confinement effects related to the memory effects of the
nano-floating gate memory? According to Tsoukathsal., quantum confinement
determines the conditions for charge retention in the Si-NCs since strongly confined NC
electron states lie at higher energy than the conduction band edge in the Si substrate and
should be able to prevent tunneling out [21].

Sheet al. reported that the size of Ge nanocrystal should not be scaled below 5 nm
such that the quantum confinement effect would not become significant [95]. Large
guantum confinement leads to the conduction band in the nanocrystal being much
higher than that of the Si substrate, resulting in enhanced leakage from nanocrystal and
shorter retention time. This is especially significant in the case of Ge nanocrystal

embedded in HfAIO due to the smaller conduction band offset.
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® Coulomb blockade effect

Coulomb blockade effect is an interdiction of an electron transfer into a region
where it results in a change of the electrostatic energy greater than the thermal energy

ksT. Note that if the region is characterized by the capacit@nis electrostatic energy

2
L e . . . .
is increased by—2C with the arrival of one electron. In macroscopic structures, this

change in the energy is hardly noticeable; while in nanostructures, particularly in

2
quantum dots, the ConditionzeE>kBT, is easily realized. The change in the

2
, . , e’ .
electrostatic energy due to transfer of a single electron results in the % ah the

energy spectrum at the Fermi level, and is referred as a Coulomb gap. Injection of an
electron in a Coulomb blockade regime is inhibited until this energy gap is overcome
through an applied bias. The phenomenon clearly manifests itself in single-electron

tunneling [186].
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Figure 1.3.5 A simulated Coulomb staircase showing the change in the number of electrons in
nanocrystals as a function of the program voltage (left axis). The corresponding threshold

voltage memory shift is shown on the right axis. [2]

The Coulomb blockade effect can be described as “discrete changes in the charging
energy of a small capacitor due to electrostatic interactions between single electrons.”
[2]. The granular nature of electrons becomes significant because they are localized in a

small region of space within the isolated nanocrystal.
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In nanocrystal floating gate memory devices, electrons must overcome the
Coulomb repulsion from the electrons already existing in the charge-storage node
before entering a nanocrystal from the Si channel. Since nanocrystals are well
distributed, the electric field from the existing electrons is not easily screened. The only
way is to vary the control gate voltage to offset the Coulomb repulsion and allow
another electron to tunnel into the nanocrystal. The amount of gate tdning €/C)

corresponds to the capacitive charging energy given by :

2c

wheree is the fundamental charge unit a@ds the capacitance of a nanocrystal in the
order of 108 farads. Thus, the electrostatic energy variation of the nanocrystal is of the
order of several hundreds of milli-electron volts (meV). This is larger than the thermal
energy at room temperature, ilgT ~ 26 meV. As such, the microscopic charging
effects in a nanocrystal floating gate memory are not easily buried by noisy thermal

effects. This leads to immunity of the memory to soft errors due to noisy signal (Fig.

1.3.5) [2].
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1.3.4 How to classicify nanocystal, nanodots and nanoclusters

Before | move on to discuss about the nano-floating memory in more detailed
manner, some classification and definition about the nanodots need to be made such that
no confusion occurs in understanding the content of this thesis. The classification and

definition of the wordings are as follows:

Nanodots can be equivalently termed as quantum dots or nanoparticles. Nanodots
may have a random arrangement of the constituent atoms or molecules (e.g., an
amorphous or glassy material) or the individual atomic or molecular units may be

ordered into regular, periodic crystalline structure.

Nanoclusters are particles that range in size from a few to a few hundreds of
Angstrons. They are built by a number of atoms or molecules by means of physical
or chemical bonding. A nanocluster may not have a particular geometric shape like

a dot, so is more general in concept.

Nanocrystals are crystallized nanoparticles or nanodots which may be either a single

crystal or polycrystalline.

In this thesis, | generally use nanocrystal floating gate memory for simplicity. In
particular, in Chapter 4, where the memory nodes are not crystallized, nanocluster is

used to represent the nanodot or nanocrystal.
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1.4 Thesis organization

This thesis will be divided into six chapters:
Introduction of the floating gate memory development and motivation of novel

memory structure and the thesis work is describé&hapter 1.

In Chapter 2, experimental techniques used in this work will be presented in detail.

Some of the background knowledge will be discussed in this chapter too.

Chapter 3 is the first chapter to present the experimental results obtained in my
project. This chapter mainly deals with the experimental results and discussion of Ge

nanocrystals fabricated by using pulsed-laser deposition (PLD).

Novel fabrication system — nanoclusters beam source will be discusSadpier
4. Based on the successful formation of Ge nanoclusters, structural properties of the
nanoclusters and parameters which govern the memory effects will be discussed

systematically.
For analogous purpose, metal nanocrystals are also employed in the investigation.
Chapter 5 mainly presents the preliminary results of Ag nanocrystals floating gate

capacitor.

Finally, in Chapter 6, conclusions and suggestions for future work will be given.
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Chapter 2 Experimental Techniques and

Background Knowledge

Multiple techniques have been involved in fabricating and characterizing the
nanocrystals/higlik- dielectric embedded structure. In this chapter, the details of the
nanocrystal fabrication and film coating techniques and structural and electrical
characterizations will be introduced. Physics about the nano-floating gate memory and

methodologies to analyze the electrical measurement results will also be presented.

2.1 Thin film fabrication techniques

In this project, pulsed-laser deposition (PLD) is the main technique to grow the
highk dielectric and nanocrystals in memory structure. PLD is a proven technique for
depositing high quality thin oxide films on different substrates. The PLD system can be
used to fabricate films by using a non-volatile target, a multi-component target and even a
multi-target for multi-layer or alloy films. Films can be grown by PLD under conditions

of ambient gas with a relatively low substrate temperature.

Figure 2.1.1 shows a schematic diagram of a PLD deposition system. During film
deposition, a laser beam is focused onto the surface of a rotating target to ablate the target
materials. By modifying different parameters, such as the substrate temperature, oxygen

ambient, laser frequency and fluence, films with different structures can be deposited.
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Figure 2.1.1 Schematic diagram of the PLD setup.

The term pulsed-laser deposition (or ablation) (PLD) is commonly employed to
denote the process of vaporizing a solid phase material with a pulsed-laser. Smith and
Turner (1965) [1] first introduced lasers to vaporize materials and obtain thin fiims as a
deposit. At that time, it was found that the required thermal energy to evaporate the
material arises when a focused laser beam irradiates the material. The driving force to
utilize pulsed-laser for the deposition of a layer of film is the successful deposition of

high temperature superconducting films with desired properties (Dijkkamp 1987) [2-4].

When the target material is irradiated by high fluence laser energy, a luminous
plasma cloud which is normal to the target surface (a plume) containing particles such as
ions, atoms, molecules, clusters and even particulates will be formed. These patrticles,
with a translational energy of about 10-100 eV, will finally arrive at the substrate surface
and, consequently, a layer of film will be deposited. The thermally evaporated target
material consists of various compound substances enabling the deposition of
stoichiometric thin films. Compared to other physical deposition techniques, one of the
advantages for PLD is that the thin films deposited usually possess the same

stoichiometry as the target materials [4].
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Based on the microstructure, the films deposited by PLD can be categorized into
three types: epitaxial, polycrystalline and amorphous. Epitaxy refers to the phenomenon
of film growth where a fixed orientation relation between the structure of the film and the
substrate exists. In particular, it commonly denotes a single crystalline layer grown on a
single crystal surface. If the single crystalline film and the single crystalline substrate are
of the same material, we call the growth homoepitaxy. If the film and the substrate are of
different materials, we call the growth heteroepitaxy. A film with randomly oriented
grains is known as polycrystalline. In an amorphous film, the atoms only have a
short-range order but no long-range order. Therefore, no crystal structure and grains can
be identified. The process of film growth is usually described by the following three

different modes (Fig. 2.1.2) [5-9]:

1. \Wolmer-Weber, three-dimensional island growth. The deposited atoms are more

strongly bonded to each other than they are to the substrate.

2. Frank-van der Merwe, two-dimensional full-monolayer growth. This is a
layer-by-layer growth mode. The atoms of the deposited material are more strongly

attracted to the substrate than they are to themselves.

3. Stranski-Krastinov, two-dimensional growth of full monolayers followed by the
nucleation and growth of three-dimensional islands. This is also known as the

layer-plus-island growth mode.
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Figure 2.1.2 Three modes of film growth [6,8-9]. Layer-by-layer (Frank-Van der Merwe) growth
consists of deposition of one monolayer at a time and results in a very smooth epitaxial film. Island
(Volmer-Weber) growth results in the formation and growth of isolated islands. Mixed

(Stranski-Krastanov) growth consists of island growth after the first monolayer forms successfully.

Parametersthat alter the film properties

When films are deposited in vacuum, the effect of the target-to-substrate distance is
mainly reflected in the angular spread of the ejected flux. In general, the particulate
trajectories are more divergent when a defocused laser beam is used, as opposed to
convergent jet for a tightly focused beam. However, when a PLD experiment is done in a
poor vacuum, with an ambient gas, or at a substantially large target-to-substrate distance
at which particulates can coalesce, the appearance of the particulates may be significantly
different, depending on the position of the substrate [10].

The specific effects of target-to-substrate distance and ambient pressure are
interrelated. Due to the increased numbers of collisions between the laser-produced
plume and the background gas, the plume dimension decreases as the background gas
pressure increases. Dyatral. (1990) [11] have shown th&P, is the scaling parameter

for plume range, whet is the laser-pulse energy, adglis the background gas pressure.

The length of the plume i& oc (ﬁ, j , Wherey is the ratio of the specific heats of the
0

elements in the plume. For an ambient pressure of 35 mTorr and a laser fluence®f 4J/cm

the plume rangelL corresponds to approximately 5.5 cm [12]. When the
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target-to-substrate distance is much smaller than L, there is no big difference in
particulate size and density. As the target-to-substrate distance increases, the proportion
of smaller particulates decreases, and a few larger particulates appear [13], indicating
merging during flight. Once the substrate is located far beyandhe adhesion to the
substrate of the ejected matter, including the particulates and atomic species, is poor.

The use of an ambient gas is mainly to compensate for some loss of a constituent
element such as oxygen or nitrogen in ceramics. It mainly affects the oxygen content of
the deposited thin film. For example, the deposited oxide tends to be deficient in oxygen
when the ablation experiment is done in vacuum. When a laser ablation deposition
experiment is done in vacuum, there are virtually no collisions between the ejected
species before they reach the substrate. Thus, the growth of the epitaxial thin film and the
control of the crystal structure of the thin film can be done by varying the ambient gas
with suitable values.

The surface mobility of the adatoms is greatly affected by substrate temperature.
One of the possible effects is that metastable microstructures will be formed as there is
insufficient thermal energy at very low temperature [14].

Investigation of the structural properties and stoichiometry of the layers, deposited at
different conditions (substrate temperature, substrate-target distance and laser pulse
energy) has shown that there is a critical substrate temperatuteelow which the
structure of the films is not completely crystallized and the film composition deviates

significantly from the stoichiometric one [15-16].
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2.2 Nanocrystal growth

Controlling the location and the distribution of nanocrystal charge-storage nodes in
the dielectric is crucial for nanocrystal memory. Ge nanocrystals can be synthesized by
various methods, including Ge ion implantation [17-20], oxidation of SiGe [21-22],
electron-beam evaporation [23-27], co-sputtering [28-35], molecular beam epitaxy
[36-40], chemical vapor deposition [41-45], pulsed-laser deposition [46-48]. In this
project, PLD is the main technique to grow Ge nanocrystals. By controlling the
deposition time and temperature, isolated Ge nanocrystals can be formed by
self-organized process.

Another approach to fabricate nanocrystals is through nanocluster beam source.
Nanoclusters are particles with size in a range of a few to a few hundreds of Angstrons
built by a number of atoms or molecules by means of physical or chemical bondings.
The physical and chemical properties of the clusters are related to the number of atoms
contained and the size of the clusters. Because of the size effect, the nanoclusters can be
used to make nanodevices and are promising in a wide variety of applications in
microelectronics. A large number of methods have been proposed for cluster production
and assembly, and devices based on the nanomaterials have been demonstrated. There
are many different kinds of means to fabricate nanoclusters, such as laser ablation of
solid or liquid target, thermal evaporation, arc and ion sputtering etc. Among these
methods, ion sputtering can be applied to almost any kind of materials from conductive
to nonconductive (if RF-sputtering is used). By changing the sputtering parameters,
nanoclusters with different size distributions and crystallinity (crystallized or
amorphous) can be obtained. Compared to other methods, magnetron sputtering has

higher rate in generating nanoclusters and thus possesses higher growth rate. In addition,
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nanocluster source by magnetron sputtering method has been minimized and
commercialized and can be attached to other film coating systems, either physical vapor

deposition (PVD) or chemical vapor deposition (CVD).

2.3 Structural characterization

In this section, general description of characterization methods for both imaging
(microscopy) and analysis (spectroscopy) is given. Some of the characterization
techniques employed for the investigation of nanostructures will be discussed in the
subsequent section of this chapter.

It is necessary to consider what information is required about a specimen and at what
image resolution before employing a particular characterization technique. Based on our
progress of research experiment, areas of concerns are as follow:

(1) Morphology and microstructure of the thin film and nanocrystals,
(2) Size, density and uniformity of nanocrystals.

The as-grown Ge nanocrystals and the cross-section of trilayer structures were
investigated by high-resolution transmission electron microscopy (HRTEM) using JEOL
2010 electron microscope equipped with energy dispersive X-ray (EDX) analysis.
Atomic force microscopy (AFM) and scanning electron microscope (SEM) were used to

characterize the mean diameter and average density of nanocrystals.
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2.4 Memory effect characterization

The memory effect of Ge-nanocrystal floating gate capacitors was characterized by
capacitance-voltageCfV), and capacitance-timé&{t) measurements using an Agilent
HP4294A impedance analyzer. Leakage current density of the capacitors was

characterized by means of Keithley 2410 source meter.

2.4.1C-V characterization

The MOS capacitor is used to monitor the integrated circuit fabrication and to study
the electrical properties of the MOS system. The MOS capacitor has the advantages of
simplicity of fabrication and analysis by measuring@&/ characteristics. During the
C-V measurement, the metal electrode should be made as small as possible to minimize
leakage current which may greatly affect the accuracy. The following figure is a kind of
real case that we come across mostly during the fabrication of the MOS capacitor. A thin

layer of SiQ is usually present between the gate dielectric and the Si substrate.
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Figure 2.4.1 High frequendy-V curves and MOS block diagram.
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C-V characteristics reveal the variation in the differential capacitahce(w of

the MOS capacitor as a function of the gate bias voltage. In Fig. 2.4.1, the flat-band
capacitanc€rg corresponds to the flat-band gate voltage, (In an ideal MOS system,

Vg is zero) Ceg is useful in determining thés in a real MOS system. TH&V curve of

a real MOS capacitor shifts in an amount of the “flat-band voltage” with reference to an
idealC-V curve. Once &-V curve is obtained from the measurem¥gg,can be deduced

from the measure@rs. Vrs equals a group of values that may be found experimentally.

Figure 2.4.2 is a block diagram represents the memory effect during electron
injection from the Si substrate. A counter-clockwise loop is formed after the bias voltage
sweep. The resulting stored charge screens the gate charge and reduces the conduction
in the inversion layer, i.e. it effectively shifts the threshold voltage of the device to be
more positive, whose magnitude for a single electron per nanocrystal is approximately

given by [49-50]:

n 1
AV; = qﬂ[tcm +_ﬁtwell ]
Eox 24

Here, A V¢ is the threshold voltage shitt,; is the thickness of the control oxide
under the gatefwai is the linear dimension of the nanocrystal wedl's are the
permittivities, q is the magnitude of electronic charge, am@, is the density of

nanocrystals [49-50].
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Figure 2.4.2 Diagram of &-V curve of a nano-floating memory capacitor. Counter-clockwise loop

represent an electron injection from the Si substrate.
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2.4.2C-t characterization
According to ITRS [51], the retention properties of a floating gate memory device

can be characterized at°@5by performing a flat-band voltage measurement against

time. Another characterization method is employed in this project for elucidating the
discharging mechanism of charges in nanocrystals, namely, the capacitance decay or
capacitance transient measurement [52-54]. This is a time dependent characterization
method and constant gate bias voltage is applied across the capacitors at the initial
flat-band voltage (deduced fro@-V measuremt). By the indication of capacitance
decay as a function of discharging time, several conclusions can be drawn:

1. The way for charge carriers to escape is direct tunneling from the nanocrystals
towards the substrate. This is due to low gate bias and the relatively low stored
charge quantity as a result of low electric field in the oxide [52].

2. The general feature of the decay curves consists of two distinct decay regimes. The
first is an initial fast decay and the other is the later slow decay. The Ge-rich
regions give a lateral channel that allows charge transport along the nanocrystal
layer. This contributes to the fast initial capacitance decay i@thmeasurement.

On the other hand, some of the nanocrystals may be well localized by chance. In
this case, the only possibility of charge loss is tunneling out via the tunneling

barrier. Thus, the stored charges in the localized nanocrystals will exhibit long-term
retention property. This effect results in the slow capacitance decay [53].

3. Huanget al. [54] suggested a model regarding the tunneling mode and retention
characteristic. It is well known that the tunneling transparency depends on the
electric field in the tunnel oxide [55]. When the gate voltage is held at the initial
flat-band voltage after the nanocrystals are charged, the initial electric field across

the tunnel oxide is due to the “fixed charge”. A built-in field will be formed and
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hinder the discharging of other stored electrons. This build-in field may improve

the retention properties significantly.

In this project, the memory data retention characteristics at room temperature for
the trilayer memory capacitors were characterized by using capacitance@ithe (
measurement. The memory capacitor specimens were first charged for 10-20 seconds at
a bias voltage of 10-20 V. Then, a particular bias voltage was chosen (kept at initial

flat-band voltage) for measuring the capacitance decay.

2.4.31-V characterization

Leakage current of a MOS capacitor is a critical electrical property which affects
the retention property of a nano-floating gate memory capacitor. The leakage current is
additional information for evaluating the MOS capacitor and memory property. The
measurements of the current-voltage characteristics of the structures were performed

with a Keithley 2410 source meter.
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2.5 Background knowledge

Some background knowledge and information need to be clear before acquiring

useful information from the experimental results obtained. In this section, some of the

basic theories which are necessary in explaining the physics behind the experimental

results achieved throughout this project will be briefly stated.

2.5.1 Flash memory

(b) ‘ E_L'}HE Program

Energy

Energy

Channel

Control G-im.

Distance

FM Erase Control Gate

Gate

Source SFDE
Barriar .
Distancs

Figure 2.5.1 (a) Schematic of a basic ETORPREOM Tunnel Oxde) flash memory device showing
the program and erase operations. (b) Electron flow during programming by CHE

injection. (c) Electron flow during erasing by FN tunneling to the source. [57]
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A standard commercial flash memory device is similar to the Intel EPROM tunnel
oxide (ETOX) structure as shown in Fig. 2.5.1 (a) [57]. The floating gate (FG) is
embedded in oxide matrix (can be $i@ ONO) and situates between the control gate
(CG) and the channel. The MOSFET modulates the electron current flow between the
source and drain and forms the channel. Charges or data are stored in the electrcically
isolated (disconnect from terminal voltage) floating gate and is being retained when the
power supply is disconnected.

The flash memory device is programmed when electrons are stored in the floating
gate by channel hot electron (CHE) injection or Fowler-Nordheim (F-N) tunneling
[56-57]. These negatively charged electrons screen the channel from the control gate
electric field. This action translates into a higher control gate voltdgeand thus, a
threshold voltage\(y) increase for the operation of MOSFET. The net negative charges
which remain in the floating gate shifts teto a positive value. Memory is erased by
removing the stored electrons mainly by F-N tunneling and restvfing its original
value.

The V7 shift between the programmed and erased states is denoted by a quantity
known as the “memory window”. Figure 2.5.4 shows a typical current versus gate
voltage characteristic of an erased floating gate memory device aadsh#t when the
device is programmed. The memory-state for the device can be determined by
measuring the current in the MOSFET when a control gate bias is applied within the

memory window [56-57].
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2.5.2 Tunneling mechanisms in flash memory

(A) CHE programming

All floating gate memory device can be programmed by channel hot-carrier
injection. The method of programming is by hot-electron injection for n-type memory
device built on p-substrates and by hot-hole injection for p-type memory device built on
n-substrates. Figure 2.5.1(b) illustrates the electron energy as a function of the vertical
distance from the control gate to the channel near the drain region of the MOSFET. The
SiO; dielectric is a barrier (~3.2 eV) for the low-energy electrons in the Si channel, the
floating gate and the control gate.

The first SiQ barrier between the floating gate and the channel prevents electrons
from leaking into the channel. A second barrier between the floating gate and the control
gate prevents electrons from escaping to the control gate. Under typical programming
conditions (usually 10 to 13 V), large positive drain and control gate biases are applied
to produce a large electric field. This field sets the conditions for a current to flow from
the source to the drain.

The memory cell is programmed by charging the floating gate via the injection of
hot-electrons from the drains pinch-off region. The hot-electrons get their energy from
the voltage applied to the drain of the memory cell. They are accelerated by the lateral
electric field along the channel into even higher energy surrounding the drain depletion
region. Once these electrons gain sufficient energy, they can overcome the energy barrier
of 3.2 eV between the silicon substrate and the dielectric layer or gate oxide barrier and
reach the floating gate.

This programming method is known as channel hot electron (CHE) injection: the

hot electrons refer to the highly energetic electrons induced by the high electric field.
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Upon overcoming the barrier, the electrons rapidly lose their kinetic energy through
interactions with the atomic lattice vibration and other electrons, and finally are trapped

in the floating gate [57].

(B) FN erase

Under erasure, a large negative control gate voltage is applied to turn the channel
current off. Figure 2.5.1(c) shows the electron energy as a function of the vertical
distance from the control gate to source of the MOSFET. The applied electric field
between the control gate and the source increases the slope of the energy barrier,
effectively thinning the barrier top.

At the same time, the high field gives kinetic energy to some of the floating gate
electrons. It moves them energetically up towards the 8@ where the electrons
experience a reduced barrier to tunnel quantum-mechanically to the source. The term,
tunnel, refers to the quantum process of a particle penetrating a potential barrier in a
wave-like fashion, even when it does not have sufficient kinetic energy to overcome it
classically [57].

This mechanism of high-field-assisted tunneling is known as Fowler-Nordheim
(FN) tunneling (Fig. 2.5.1 (c)). Once the tunneling electrons penetrate the source, they
rapidly thermalize through interactions with the source electrons and the crystal lattice
[57].

Fowler-Nordheim (FN) tunneling describes charge carrier transport through

insulators. The current density is

E . .
J=CE? ex{— EO] , whereC andEg are constants in terms of effective mass and

barrier heightE is the electric field in the insulator (Vi [58].

LEE Pui Fai 68



POLYTECHNIC UNIVERSITY Background Knowledge
i TR

é Tre ot Kose Chapter 2 — Experimental Techniques and

2.5.3 Background knowledge of nano-floating gate memory

Nanocrystals, as mentioned in Chaper 1, are extremely small nanoparticles or
nanodots of atoms and usually range from 5 to 10 nm in diameter. They can be grown,
deposited or implanted into the dielectric (Fig. 2.5.2 (a)). Nanocrystals can be deposited
in a two-dimensional (2-D) layer at a fixed distance from the Si channel separated by a
thin tunnel oxide (Fig. 2.5.2 (b)). By optimizing the growth condition of nanocrystal
deposition to just one layer and controlling the thickness of the control gate dielectric
oxide, charge leakage to the control gate from the storage nodes can be effectively

prevented. [57].

Figure 2.5.2 (a) A scanning electron micrograph of dense Si-nanocrystal coverage required for reliable
flash memory operation. Inset: An energy-filtered transmission electron micrograph of a
single nanocrystal, encapsulated in an oxide shell, on a tunnel barrier. (b) An illustration of

a nanocrystal floating gate memory. [57]

Moreover, electron or hole energy states are energetically deeper in the nanocrystal
wells. For example, the energy level of traps is typically 1-2 eV below #iy Si
conduction band, while the electron ground state in nanocrystals could exceed 3 eV

below the Si@ conduction band [57]. Hence, conduction between the well distributed
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nanocrystals storage nodes can be totally prevented when the average separation of each
nanocrystals is larger than 5nm. Besides that, the transport of charges is restricted to
carrier exchange with the Si channel. The increased quantum confinement effects and
the reduction in leakage imply that improved scalability of tunnel oxide can be achieved.
Thus, lowering operating voltages and/or increase in operating speed can be achieved
without sacrificing non-volatility. With a thinner tunnel oxide, direct
guantum-mechanical tunneling can be exploited as a transport mechanism for

programming and erasing the charges in the nodes.

The difference between direct quantum-mechanical tunneling, hot electron
injection and FN tunneling is illustrated in Fig. 2.5.3. In direct tunneling, electrons
tunnel through the full barrier thickness with a rate strongly dependent on the quantum
penetration of the electron wave into the barrier. As for FN-tunneling, high-energy
electrons tunnel through a narrower and lower barrier because of the high electric field.
Hot-electron injection refers to highly energetic electrons induced by the high electric

field overcoming the tunnel oxide barrier [57].

4 —— Hot-electron Injeciion

FN Tunneling
Si Channal

Direct Tunneling

Paly-Si
Gata Manocrystal

Figure 2.5.3 Energy band edge schematic illustrating direct quantum mechanical tunneling compared

to other injection mechanism.[57]
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Therefore, direct tunneling is typically a low-field process (3-4 V) compared to

Qb Chapter 2 — Experimental Techniques and

both channel hot-electron injection and FN-tunneling (10-12 V) [57]. The reduced
program and erase voltages ease the stress on the tunnel oxide, thereby dramatically
reducing dielectric leakage. Until now, nanocrystal floting gate memory devices can
endure more than a million repeated program/erase cycles without suffering any
apparent degradation of their memory window states [49-50]. Figure 2.5.4 illustrates the

write, read and erase processes of a nano-floating gate memory cell.

(a) ‘TW o (e) rI
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e el Gereod | 7] ieseeen |
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Figure 2.5.4 Schematic diagram describing the (a) write, (b) erase and (c) read processes of a

nano-floating gate memory cell.

The most spectacular feature of nanocrystal memory is the demonstration of single
electron/hole charging phenomena at room temperature [57]. This is a manifestation of

the Coulomb blockade effect shown by Karal. [59] and Welseet al. [60].
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The Coulomb blockade effect ensures discrete programming for every electron
written into the floating gate charge-storage node for a given programming voltage,
leading to accurate multi-charge-state self-convergent programming. Furthermore, the
MOSFET channel is screened from the control gate by the high-density nanocrystals
layer, and producing discret& shifts. The self-convergent programming and accurate

Vr shifts may be useful for realizing a quantum multi-bit memory [57].

For nanocrystal floating gate memory to be a reproducible technology suitable for
mass production, a few technical issues remain to be solved. For example, a clear
understanding of the mechanisms responsible for additional trapping due to local
defects in nanocrystals and their influence on memory performance is essential.
Moreover, achieving high-density nanocrystal coverage (> 1*%chd?) to enlarge the
memory window, and controlling disturbances and static or thermal fluctuations
occurring during the low-voltage write/read/erase operations are crucial. Finally,
manufacturing issues, such as the control of wafer-level nanocrystal density distribution,

will become prominent as this technology matures [57].
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2.5.4 Simple model for storage charge density calculation

]
tony + 1/2twa Control layer

— 00000000000 - | i,

Tunnel layer y

Si substrate

Figure 2.5.5 Schematic diagram of the trilayer nano-floating gate memory MOS capacitor.

In this project, the Tiwari’'s model was used to calculate storage charge density
based on the flat-band voltage shift from @&/ loops measurement. Since there is no
detailed explanation from the literatures, in this section, the detailed derivation of the

model based on my understanding is introduced.

Tiwari et al. [49-50] suggested that the injection of an electron occurs from the
inversion layer via direct tunneling when the control gate is forward biased with respect
to the source and drain. The resulting stored charge screens the gate charge and reduces
the conduction in the inversion layer, i.e. it effectively shifts the threshold voltaye) (
of the device to be more positive. It is assumed that a single electron is stored per
nanocrystal, and the nano-floating gate layer is treated as a Si layer with thickness of
twer @nd dielectric constant asg . All the stored charges distribute in the middle of the

floating gate layer.

Shi et al.[61] have proposed a model for the effect of traps on the long-term
charge characteristic. A model of deep trapping centers including three-dimensional
guantum confinement and Coulomb charge effect is developed to successfully explain

the observed long-term charge retention behaviors. Applying a positive pulse voltage,
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the Veg shifts to the positive direction, reflecting that electrons are injected into the
nanocrystals. Th&gs decays subsequently to its initial value with a logarithmic time

dependence in the charge retention mode.

In writing mode, the charge transport mechanism changs from direct tunneling
into Fowler-Nordheim (F-N) tunneling [62]. This gives rise to enhanced electron
injection from the substrate into Si nanocrystals, resulting in more efficient
programming. This event takes place in much lower programming voltage pth#®
SiO, because the onset of the F-N tunneling depends on the electron barrier height [63],

and for HfQ the value is 1.5 eV [64]which is much smaller than that in 83 eV).

A. Estimation of flat-band voltage shift from density of nanocry$al (

(1) One Si or Ge dot is stored with one electron

(2) Charge is stored in the middle layer of the dots

To compensate the charges stored in the nano-floating gate layer, a ¥Miage
applied across the capacitors. The series capacitance from top electrode to the

middle of the floating gateG, is:

1_1, 1 tCnu+}§twd|
CA CCntl C%We“ €ox € el

For a unit area, the change of flat-band voltage due tNdistored charges is:

AV = % , Whereq is the charge of one electron adds the number of dots.
A
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These two equations result in

. te, t N 1 e,
AV = AV, = NQ[ﬂ + ﬂ] = q_[tcml + E_tweu ] (1)
I

gox 2gweH gox

where ¢ e IS assumed to be equaldg (dielectric constant of Si nanodots). But,
in fact it should be an average efs and ¢ o (SIiO, or HfO, , etc).
Equivalently,AVrg can be set to be equal &t asAVeg is one of the components

that contributes tAVr.

B. Determination of stored charge densityffom C-V hysterisis loop
Based on Kim’'s model [65], if we assume in the “well” layer, more area is the

dielectric oxide, e wel = € ox - Then, (1) changed to:

n 1
AV = q_[tcm + Etwm] )
From (2)
n= FolVes , substituteC,, = 2
Atey + }étv\.dl ) total

whereC, is the accumulation capacitance, @& unit aread=1, & e = € ox -

n= COXAVFB
Alten + }étwell )/ Liota

teny + 79 Dre
Definet,;, = i whereD,, = %twe” is the diameter of the nanocrystal,

ratio t
total

then

ratio

From this equationA Veg andCoy can be determined fro@V curve.
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Chapter 3 Ge Nanocrystals Grown by PLD

3.1 Introduction

Pulsed-laser deposition (PLD) has been extensively used to fabricate high quality
thin films and micro- or nano-composite structures for various advanced applications
[1-7]. As pulsed-laser deposition has its own advantages of high energetic laser pulse to
form a jet of plasma, high quality thin film structure can be fabricated easily and
efficiently. It has been shown that Bmbient annealed Ge nanocrystal embedded HfAIO
and LaAlQG tunneling/control oxides floating gate memories are promising for the future
floating gate memory devices [3-7].

The most remarkable difference between PLD and other vapor deposition methods is
the high energy of the plasma generated by the laser ablation of the desired target material.
When the pulsed-laser beam is focused on the Ge target, a dense layer of Ge vapor with
high energy is generated on the target surface and then transferred to Ge plasma. As the
plasma expands, the thermal energy will be transformed into the kinetic energy of the
atoms and the plasma will “freeze”. Therefore, during PLD the Ge plasma has a relatively
high forward velocity, which leads to the uniform distribution of Ge nanocrystals.

In this chapter, the formation of Ge nanocrystals at relatively low substrate
temperatures using PLD technique, and the memory effect of the memory structure will
be discussed. Effects of size/density of the Ge nanocrystals, the tunneling and control
oxide layer thicknesses and their growth oxygen partial pressures to the charge storage

and charge retention characteristics are studied.
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3.2 Experimental details

3.2.1 Pulsed-laser deposition conditions

Excimer laser (Lamda Physik 205) with 248 nm is utilized to act as the power
source to irradiate on the target material forming a high energetic plume of atomic
particles. The laser fluence and frequency used were 6 &foth2 Hz, respectively.
Unless specified, all the thin films deposition and nanoparticles generation use the same
fluence and frequency as mentioned above. Various tunnel and control layer thicknesses,
Ge deposition duration, growth temperature and oxygen partial pressures have been

studied.

Trial experiments have been performed to find out the optimized growth condition
for Ge nanocrystals at the initial stage of the project. Two approaches have been used:

1. Ge multilayer deposition followed by subsequent annealing.

In this approach, just as many other research groups did, multiple Ge layers
sandwiched with the HfAIO layers were deposited followed by high-temperature
annealing. It is expected that high temperature annealing can form self-organized Ge
nanocrystals by agglomeration in the HfAIO thin film matrix.

2. Deposition of a single layer Ge nanocrystal

This approach is a direct deposition of Ge nanocrystals in a shorter deposition
duration, so that only a single layer of relatively small-size Ge clusters can be formed in
each laser pulse.

It turned out that the first approach was not successful in forming Ge nanocrystals,

and the results introduced in this chapter are from the second approach.
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(A) Surface morphology study of as-grown Ge nanocrystals:

In order to study the as-grown Ge nanocrystals through surface imaging techniques,
such as scanning electron microscopy (SEM) and atomic force microscopy (AFM), the
Ge nanocrystals were deposited by PLD on the HfAIO/Si substrate without HfAIO
capping layer. The conditions of the Ge deposition are as follow:

® Temperature = 300 — 600.

® Vacuum =1 x 10 Pa.

® Time of deposition = 30 seconds, 1 minute, 2 minutes, 3 minutes.

® The as-grown samples were characterized by SEM and AFM.

(B)Trilayer capacitor sampleswith Ge nanocrystals embedded:

The Ge nanocrystal floating gate memory structure (Fig. 3.2.1) was fabricated on
p-type (100) Si substrates with sheet resistance a4z6. Hydrofluoric acid (HF) was
used to remove the native oxide on the Si wafers leaving a hydrogen terminal surface.
After placing the Si wafer into an ultrahigh vacuum chamber, a thin HfAIO tunneling
layer was then deposited by PLD using a composite target containingaHOALO;
with the Hf:Al atomic ratio of 1:1. In fact, different ratios of Hf:Al have been tried, and it
turned out that the 1:1 ratio was the best that resulted in the smallest memory window as a
control sample. The thin HfAIO tunneling layer was deposited on a p-type Si substrate at
substrate temperature of 5%0. The Ge nanocrystals were then deposited on the surface
of the HfAIO tunneling layer after the substrate temperature reachedCs0der a
vacuum of 1x18 Pa. Subsequently, a thicker HfAIO control layer was deposited at 550
°C with the same oxygen partial pressure. Different Ge nanocrystal deposition time (1 and
2 min) and HfAIO film growth oxygen partial pressures (5%1&nd 0.2 Pa) were

implemented in order to study their effects on the corresponding memory devices. A KrF
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excimer laser)( = 248 nm) with laser fluence of 6 Jérwas used for the film deposition,
and the laser frequency was set to 2 Hz.
In order to reduce the defects in the dielectric layers and study the structural stability
under high temperature, the as-grown films were finally annealed 4€800 45 min in
N, ambient. Pt dot electrodes with a diameter of 0.2 mm were subsequently deposited by

PLD [6].

I
Control layer

(A X XNXNEXNNXNNENX NN X))

Tunnel layer

Si substrate

Figure 3.2.1 Schematic diagram of the trilayer nano-floating gate memory MOS capacitor.

3.3 Results

In this section, growth and characterization of the Ge nanocrystal embedded
floating gate memory structures, especially the Ge nanocrystals characteristics and
growth conditions, will be presented both in structural and electrical aspects. Details of
the parameters governing the nano-floating gate memory effect will be discussed in

more detail in Section 3.4.

3.3.1 Structural properties
(A) As- grown Ge nanocrystals
Figure 3.3.1 shows a typical SEM image of Ge nanocrystals grown %.60@an
be seen that Ge nanocrystals are well self-organized and distributed uniformly. The

density and mean size of the dots measured from the image are abduti®%Ehd 25
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nm, respectively. The island structure of the Ge suggests that the growth is based on the
Volmer-Webber mode, where Ge atoms can easily combine with each other but not with
HfAIO under the present experimental conditions. The relatively large size of these Ge
nanocrystals may result in a relatively low charge storage density and also an increased
surface roughness on the top dielectric that hinders the application of nanocrystal floating
gate memory. Therefore, the deposition time of Ge was reduced accordingly in

subsequent experiments.

Figure 3.3.1 SEM picture of high density self-organized Ge nanocrystals deposited on HfAIO/Si
substrate matrix by PLD for 1min at 680.

500

=250

0 250 500 om0 250 500 nm

Figure 3.3.2 AFM images of Ge nanocrystals on HfAIO/Si matrix by PLD for 30 s at (&Ce0d (b)
700°C.
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The substrate temperature was found to be an important parameter for the growth of
Ge nanocrystals. Figures 3.3.2 (a) and (b) show atomic force microscopy images of the
Ge nanocrystals grown at the temperatures ofG@hd 706C, respectively. It can be
seen that the Ge nanocrystals are well self-organized and their diameter is about 10 nm.
By contrast, the diameter of the Ge nanocrystals deposited 4 #@rger and their
height becomes smaller. This suggests that when the substrate temperature increases, the
diffusion coefficient of Ge atoms also increases, and the Ge atoms are relatively easier to
combine with the HfAIO atoms. Therefore, the substrate temperature & 600the
growth of Ge nanocrystals has been used to fabricate memory capacitors.

(B) Trilayer memory capacitor

Trial experiments have been done for optimizing the growth condition of the Ge
nanocrystals embedded in the HfAIO thin film matrix. Figure 3.3.3 shows a
cross-sectional HRTEM image of the first sample presenting Ge nanocrystals which are
isolated from each other and in a hemispherical shape. However, due to the relatively
long deposition time, the Ge nanocrystals are too large in size. The average diameter of

the Ge nanocrystals is about 20-30 nm.

Figure 3.3.3 Cross-section TEM image of the as-grown sample.
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After a series of experiment, a general trend in condition to grow good Ge
nanocrystals has been figured out. Following is the TEM images (Fig. 3.3.4) of a series
of Ge nanocrystals grown by using different growth conditions as shown in Table 3.1. It
is apparent that as the deposition time increases from 30 s to 3-min, the Ge nanocrystals

size increases from invisible to about 20 nm.

Table 3.1 Trilayer structure floating gate capacitors with various growth conditions.

Ge
No. | Tunnel layer/nm | Control layer/nm prescs)ij (Pa Temperature/'C dep(?sition
Time

Al 2.5 75 x 10° 600 1-min@1Hz
A2 2.5 7.5 x 10 600 1-min@1HZ
A3 2.5 7.5 x 16 600 1-min@1HZ
A4 5.0 15.0 x 10° 600 1-min@1Hz
A5 5.0 15.0 x 10" 600 1-min@1Hz
A6 5.0 15.0 x 16 600 1-min@1Hz
A7 5.0 15.0 x 10° 600 2-min@1Hz
A8 5.0 15.0 x 10" 600 2-min@1Hz
A9 5.0 15.0 x 10 600 2-min@1Hz7
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Figure 3.3.4 TEM images of the trilayer floating gate capacitors with different Ge deposition time:
(830 s, (b)1-min, (c) 2-min , (d) 3-min. The dot-circle region and/or the arrow indicate

that Ge nanocrystals are formed within the HfAIO matrix.
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Experiments have been carried out for the detailed study of the growth mechanism
of the Ge nanocrystals. The following paragraph describes a typical sample with a
trilayer structure with the embedment of Ge nanocrystals within the HfAIO matrix. Both
structural and electrical characteristics will be presented in the following paragraphs
based on sample A9.

A7 nm-thick tunneling HfAIO layer was first grown on a p-type (100) Si substrate at
550°C. Subsequently, the Ge nanocrystals were deposited on the surface of the HfAIO at
60C°C. Different deposition time and substrate temperatures were implemented in order
to study their effects on the formation of Ge nanocrystals. The memory structure used in
this study is metal-oxide-semiconductor (MOS) capacitor with a dielectric stack made up
of Ge nanocrystals sandwiched between the tunneling and control HfAIO layers. The
control HfAIO layer, with a thickness of 10 nm, was deposited at®650he samples
were finally annealed at 88D for 30 min in N ambient, and Pt dot electrodes with a

diameter of 0.2 mm were subsequently deposited by PLD.
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Figure 3.3.5 High-resolution TEM images of samples composed of HfAIO control gate, Ge
nanocrystals, and HfAIO tunnel layer on Si substrate: (a) as-grown, and (b) annealed at
800°C.

The structure of the memory capacitor was investigated by cross-sectional TEM.
Figure 3.3.5 (a) shows the structure of the as-grown sample containing three obvious
layers on silicon substrate, i.e., the HfAIO control layer, the Ge nanocrystals layer and the
HfAIO tunnel layer. The interface between the HfAIO tunnel layer and the silicon
substrate is almost free from any interfacial layer. The Ge nanocrystals indicated by white
circles are uniformly distributed between the HfAIO control layer and the tunnel layer.
The thicknesses of the tunneling layer and the control layer are about 7 nm and 10 nm,
respectively.

It is apparent that the HfAIO layers have an amorphous structure and the Ge
nanocrystals are single crystalline. The lattice fringes of the nanocrystals are identified as
{111} planes of Ge (approximately 3.2X). Our experimental results showed that the
growth rate can also affect the crystallinity of the Ge nanodots. It can also be seen from
Fig. 3.3.5 (a) that the Ge nanocrystals are spherical in shape and their diameter is about 10

nm, which is consistent with the AFM result shown in Fig. 3.3.2 (a).
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Figure 3.3.5 (b) is the high-resolution TEM image of the MOS structure annealed at
80C°C. It can be clearly seen that even after annealing 4C8@te interface between the
HfAIO tunnel layer and the silicon substrate is still sharp and is probably free frgm SiO
interfacial layer. It can also be seen that after annealing 8C8@i@e size of the Ge
nanocrystals increases. Some crystal lattices in the control layer may be due to the
diffusion of Ge. It is also worth noting that the existence of Ge and Ge diffusion may
decrease the crystallization temperature of HfAIO and lead to localized crystallization. It

is difficult to distinguish the crystal lattice spacing betweeni#@l Ge.

3.3.2 Electrical properties

Pt electrode gate MOS capacitors were fabricated and characterized for all samples
with the above conditions. The memory window was obtained from the flat-band
voltage shift,A Vg, of high-frequencyC-V measurement after forward and reverse gate
bias voltage sweeps. Ti&V measurement of the as-grown and ‘@@nnealed MOS
capacitors incorporating the Ge nanocrystals revealed that the as-grown sample exhibits
abnormalC-V characteristics due to high leakage current (not shown), and the sample
annealed at 80C presents a significant hysteresis loop, indicating successful charge
storage. Figure 3.3.6 (a) shows the high-frequency (1ME4¥Y) curve of the sample
annealed at 86C. Clockwise hysteresis indicates electron or charge trapping in the
capacitor [13-14]. The effect of the mobile ions on charge trapping can be ruled out, since
no hysteresis was observed in the control sample without Ge nanocrystals under our
experimental conditions and no obvious deformation can be observedGrvioarves
as shown in Fig. 3.3.6 (a). The flat-band voltage shift is about 0.6 V. Calculated by the

formula in reference 17-19, the stored charge density is up td%lodti.
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Figure 3.3.6 (a) High frequency (IMHZ-V curves, and (b)-V curves of as-grown and 80C

annealed MOS capacitors.

The differentC-V characteristics between the as-grown and the annealed samples
can be understood by measuring their leakage currents. Figure 3.3.6 (b) shows the
leakage currents of the two samples with and without annealing. It can be seen that the
leakage current of the memory structure annealed &C880very small and it is much
smaller than that of the sample without annealing. The relatively large leakage current of
the sample without annealing is due to the presence of a large amount of oxygen
vacancies in the as-grown HfAIO films. Annealing at 8D a quartz tube reduced the

oxygen vacancies and the leakage current.
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3.4 Parameters governing the memory effect

(A) Ge nanocrystal size and the memory effect

Structural properties of the Ge nanocrystal floating gate memory capacitors were
characterized by cross-sectional HRTEM. In Figs. 3.4.1 (a) and (b), a trilayer Ge
nanocrystal memory capacitor structure, containing the HfAIO tunneling layer, the Ge
nanocrystals and the HfAIO control layer, can be clearly seen. The crystalline Ge
nanocrystals are formed in the amorphous HfAIO dielectric matrix for both 1-min and
2-min Ge deposition samples, and the HfAIO matrix contains 2.5 nm tunneling layer and
15 nm control layer. Since both capacitor structures have been post-annealetCb800
45 min in N ambient, a slightly oxidized interfacial layer can be observed.

It is apparent that the Ge nanocrystals as shown in Fig.3.4.1 (b) with 2-min Ge
deposition possess a relatively larger size, and the estimated average size of a spherical
Ge nanocrystal is about 5 and 8 nm, for the 1-min and 2-min Ge deposition time,
respectively. The number densities of the Ge nanocrystals corresponding to Figs. 3.4.1 (a)

and (b) are estimated to be about IX10r? and 7x1&'cm?, respectively.

Figure 3.4.1 HRTEM images of the trilayer floating gate capacitors: (a) 1-min, and (b) 2-min Ge

deposition . The region circled with dotted-line represents the Ge nanocrystals. The inset is
a schematic diagram representing the trilayer structure.
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Figure 3.4.2 High frequency (1 MHZ-V measurements of the trilayer floating gate capacitors
with 1 and 2 min Ge deposition time and control sample without Ge nanocrystals. All
samples have been annealed at 8@0 in N, ambient for 45 minutes. Large
counter-clockwise hysteresis loop upAdz = 3.6 V can be observed in the sample with

Ge nanocrystals. All samples are normalized with accumulation capacitance of 0.15 nF.

High-frequency (1 MHz-V measurement of the MOS capacitors incorporating the
Ge nanocrystals revealed significant hysteresis, indicating successful charge storage in
the Ge nanocrystals. Figure 3.4.2 shows the high-frequency (1 ®Mzurves of three
samples with and without Ge nanocrystals, where the control sample without Ge
nanocrystals shows a typidaV curve without obvious hysteresis loop; and by contrast,
counter-clockwise hysteresis loops are present in the samples with Ge nanocrystals
indicating charge trapping in the capacitors. It is worth noting that the effect of mobile
ions on the charge trapping can be ruled out, since no significant hysteresis was observed
in the control sample without Ge nanocrystals under the same experimental conditions.
As shown in Fig. 3.4.2, the maximum flat-band voltage siigg) for the 1-min
deposited Ge nanocrystal sample is about 3.6 V, and the calculated storage charge density
corresponding to the hysteresis loop is up to 1k&67 based on the formula given by

Tiwari [8] and Kimet al. [9].

LEE Pui Fai 98



Qb i;f);i:lﬁ ??—Rl( UNIVERSITY Chapter 3 — Ge Nanocrystals Grown by PLD
&/ Feaiin

TheAVgg corresponding to the longer Ge deposition time of 2 min is slightly smaller
than that of the sample with 1-min Ge deposition (2.8 V and 3.6 V, respectively). We
believe that this decrease AVgg for the sample with longer time of Ge deposition is
because of the decrease in the nanocrystal density within the HfAIO matrix. In reference
[10], a simulation model suggests that the threshold voltage/ghiftdecreases as the
thickness of Ge nanocrystal layer increases. This equivalently explain<-dur
characteristic curves as shown in Fig. 3.4.2, where a reduction of 0.8W4drcan be
found when the Ge dot size varies from lower deposition time to higher deposition time.
The 3-min sample shows abnorn@V curve due to large leakage current. Too large
Ge nanocrystals result in rough surface and large leakage and are not suitable for

memory application.

The density of the Ge nanocrystals is a function of deposition time. The growth of
Ge under our deposition condition follows the Volmer-Weber growth mechanism, i.e.,
island growth on the amorphous HfAIO film. The density of the nanocrystals increases at
the earlier stage as the deposition time increases and reaches its maximum. When the time
increases further, the islands tend to coalesce into larger islands and the density of the
nanocrystals decreases. This trend has been illustrated by a series of experiments with

different Ge deposition time from 1 to 2 and 3 min.

(B) Tunneling and control layers thickness effect

Figures 3.4.3 shows the high-frequerey/ curves of two different sets of Ge
nanocrystal floating gate capacitors with different tunneling and control oxide layers
thicknesses, while the Ge nanocrystal deposition time is 1 min. As shown in Fig. 3.4.3,

the C-V characteristic curve of the capacitor with thinner tunneling and control layers
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exhibits relatively smaller hysteresis compared to that of the thicker one. This thickness
effect of the tunneling and control layers can be interpreted by the thickness dependence
of the leakage current and thus the charge storage effect. The thicker tunneling and
control layers result in a lower leakage current and thus a better charge storage effect. The
inset in Fig. 3.4.3 illustrates the decrease of the leakage current as the thicknesses of the
tunneling and control layers increase. In addition, ®Dthermal annealing may result in

Ge diffusion, and a thinner HfAIO tunneling layer increases the leakage of stored charges
and thus degrades the memory effect. However, a thicker tunneling layer will reduce the
writing and erasing speed. Therefore, the trade-off between programming efficiency and

long retention time is still an important issue to be tackled.
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Figure 3.4.3 High frequency (1 MHZ-V characteristics of the trilayer floating gate capacitors
with the same growth condition of oxygen partial pressure of 0.2 Pa and substrate
temperature of 556C, followed by a 800C annealing in B ambient: (1) with total
physical thickness of 10 nm (control layer ~ 7.5 nm, tunnel layer ~ 2.5 nm , and (2)with
total physical thickness of 20 nm (control layer ~ 15 nm, tunnel layer ~ 5 nm). Inset is the
I-V characteristic of the samples. The sample with thinner layers growth shows a higher
leakage current density. All samples are normalized with accumulation capacitance of 0.15
nF.
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(C) Film growth oxygen pressure dependence of the memory effect

The oxygen partial pressure during HfAIO film growth also plays an important role
in threshold voltage shift. Figure 3.4.4 shows @&/ loops of two different samples
deposited under different oxygen partial pressures of 5ah@ 0.2 Pa. All samples have
been annealed inNambient for 45 mins. Two obvious trends can be noticed from Fig.
3.4.4. First, higher oxygen pressure during the HfAIO film growth results in larger
hysteresis loop in th€-V curve and a lower oxygen pressure gives smaller hysteresis
loop. This can be explained by two factors. One is that, at higher oxygen pressure, the
HfAIO film possesses lower oxygen deficiency induced leakage current and thus a better
charge storage retention property and larger flat-band voltage shift. The inset illustrates

that the leakage current decreases as the oxygen pressure increases.
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Figure 3.4.4 High frequency (1 MHZ-V characteristics of the trilayer floating gate capacitors
with HFAIO growth oxygen partial pressures of 5%18nd 0.2 Pa. All samples have been
annealed in Blambient for 45 min. Inset is tHeV characteristic of the samples. The
sample with growth oxygen partial pressures of 5x®a shows a higher leakage current

density. All samples are normalized with accumulation capacitance of 0.15 nF.
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The other reason to explain the oxygen pressure dependence of the memory effect is
that, a higher oxygen pressure results in more,Ga@ation during the subsequent high
temperature growth of the HfAIO control layer. It has been revealed thaf,i&ki@hly
volatile and can easily diffuse into the dielectric layer and form charge traps in the
vicinity of the Ge nanocrystals and contribute to more charge storage and thus the
flat-band voltage shift. According to Clal. [11], hysteresis loop o-V curve is the
result of a high interfacial charge trap density due to,Genation. Another feature that
can be noticed in Fig. 3.4.4 is the negative flat-band voltdgg &hift for the lower
oxygen partial pressure sample. This is due to the formation of positive fixed charges of

oxygen vacancies resulted from the low oxygen pressure growth of the HfAIO layers.

(D) Charge retention characteristics

To evaluate the characteristics of stored charges in the Ge-nanocrystal floating gate
memory capacitors, the stored charge lifetime must be kridwmeasurement results at
room temperature shown in Fig. 3.4.5 reveal that the capacitance decreases as a function
of time. After injecting electrons at 10 V for 20 s, gate voltage is changed to the flat-band
voltage of -1 V and the charge retention time is expected to be long enough to withstand
the loss of charge stored in the memory nodes. It can be seen that aftecdrfds of
stress applied, the decay of capacitance for the floating gate memory capacitor with 1-min
Ge deposition is about 8%, while for the 2-min Ge deposition sample it is 5%. It is also

clearly shown that no significant initial charge decay can be observed.
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Figure 3.4.5C-t characteristics of the trilayer floating gate capacitor after “@0@nnealing in N

ambient. The charging voltage is 10 V for 20 s and the measurement voltage of -1 V.

According to the work of Kinet al, the stored charges in the localized nanocrystals
exhibit long-term retention property, since charge loss can only be through leaking from
isolated nanocrystals to channel layer via the tunneling barrier [9]. As shown in Fig. 3.4.1,
self-organized and isolated Ge nanocrystals have been formed and confined in the HfAIO
matrix in our experimental condition, so good memory storage effect can be achieved. Shi
et al. developed a model of deep trapping centers including three-dimensional quantum
confinement and Coulomb blockade effect [12]. It states that a long retention time can be
achieved by introducing a certain number of deep trapping centers in the nanocrystals and
reducing the interface states between dielectric/Si interface. Based on this model, we
believe that a relatively smaller density of interface states in the HfAIO/Si interface and

high density of deep trapping centers in nanocrystals have been achieved.

LEE Pui Fai 103



Qb i;f);i:lﬁ ??—Rl( UNIVERSITY Chapter 3 — Ge Nanocrystals Grown by PLD
&/ Feaiin

It is worth noting that the charges in nanocrystals possessing larger size (longer
deposition time) decay slower than that in the smaller ones, i.e., the retention
characteristic of the 2-min sample is better than that of the 1-min sample (Fig. 3.4.5).
Since the 1-min deposited Ge nanocrystals have a dimension of about 5 nm, the Coulomb
blockade effect and the quantum confinement effects are significant for the “write/erase”
process. The Coulomb blockade effect raises the electrostatic potential of the Ge
nanocrystals, and the quantum confinement effect shifts the Ge nanocrystal conduction
band energy upward and reduces the conduction band offset between the nanocrystals and
HfAIO (the reported conduction band shift for 5-nm Ge nanocrystal is 0.15 eV) [13].
These two effects make the stored charges more easily to tunnel back to the Si channel

area and degrade the retention property.

3.5 Summary

In conclusion, we have fabricated, at relatively low temperature by PLD method, a
memory structure containing a HfAIO control gate, well self-organized Ge nanocrystals
and a HfAIO tunnel layer. The substrate temperature and growth rate were found to be the
key factors influencing the size and distribution of the Ge nanocrystals. The obvious
memory effect of the trilayer structure was demonstrated by the presence of hysteresis in
the C-V curves with a stored charge density of up t& t@ri%. Memory effects of the
capacitors have been characterized by usi@g/ and C-t measurements.
Counter-clockwise hysteressV loops have been obtained and a threshold voltage shift
of up to 3.6 V has been achieved indicating stored electrons in the Ge nanocrystal floating
gate and thus the memory effect. The effect of tunneling/control oxide layers thickness
and the size/density of the Ge nanocrystals to the charge storage and thus the memory

characteristics have been studied.
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Chapter 4 Ge Nanoclusters Grown by the

Nanocluster Beam Source

4.1 Introduction

In this project, besides the pulsed-laser deposition method, a novel approach to
synthesize the nano-floating gate memory by means of Ge nanocluster beam source was
carried out. The Ge nanoclusters are generated by magnetron sputtering of Ge target and
aggregated under inert gas. Nanocluster beam source (Model NC200U Oxford Applied
Research) is a novel method for fabricating various types of nanoclusters of metal and
semiconductor materials. It can be combined with various vacuum systems to form
nanoclusters of different sizes. Ar gas is usually used as both the sputtering gas for
plasma generation and aggregation process. Helium gas can be mixed with Ar to reduce
the size of nanoclusters. The advantages of utilizing nanocluster beam source in
synthesis of nano-floating gate memory are:

1. Nanoclusters with finite size can be formed easily in a one-step process without

subsequent annealing;

2. It can generate isolated nanoclusters with relatively uniform size distribution;

3. It enables in-situ growth of nanoclusters embedded in other kind of films, i.e.,

forming nanocomposite films.

In this section, the fabrication and characterization of Ge nanoclusters embedded in
HfAIO high-k dielectric by utilizing the NC200U nanocluster source integrated into a
PLD system are introduced. Structural properties of the HfAIO/Ge-NC/HfAIO trilayer

memory capacitors are investigated by means of TEM, AFM and secondary ion mass
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spectroscopy (SIMS). Memory effect of the nanoclusters are studied based on electrical

characterization such &V, |-V andC-t measurements. Effects of size/density of the Ge
nanoclusters, and their growth temperature on the charge storage and charge retention

characteristics are tackled.

4.2 Experimental details

4.2.1 Nanoclusters deposition by the nanocluster beam source

The NC200U is a nanocluster source designed for working in an ultra high vacuum.
A DC magnetron sputtering is used to generate the clusters. Inside the cooled aggregation
tube, an inert gas, typically argon or its mixture with helium, cools and sweeps the atoms
and clusters from the aggregation region towards an aperture. The cluster’s size can be
varied by adjusting several parameters such as the power supplied to the magnetron, the
aperture size, the rate of inert gas flow, type of inert gas(es) being used, temperature of the
aggregation region and distance between the magnetron and the aperture. The efficient
use of electrons to promote ionization of the gas in the sputtering chamber is possible
with the assistance of a magnetic field. Application of an axial magnetic field in a planar
glow discharge system increases the path length of the electron of sputtering and leads to
the formation of a circular “race-track” path. [1]
Various growth parameters governing the nanoclusters properties are:
(1) pressure,
(2) aggregation distance,
(3) substrate temperature, and

(4) growth duration.
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Fine and uniform nanoclusters can be formed by optimizing the above growth
parameters. Our goal is trying to find out how the above parameters affect the nanocluster

properties and hence the memory properties of the nano-floating gate capacitors.

Our project included the following areas of study:

® Ge nanocluster formation by using the nanocluster beam source;

® Deposition of Ge nanoclusters on carbon film and HfAIO/Si sample;

® Characterization of trilayer capacitor sample by TEM, AFM, SIS/, I-V

andC-t measurements.
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Figure 4.2.1 Schematic diagram of the nanocluster source (NC200U) system.
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Figure 4.2.2 Vacuum system and gas circuit chart.
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Figure 4.2.3 Schematic layout of the nanocluster beam source with laser molecular beam epitaxy

vacuum chamber system.
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Figure 4.2.1 is a schematic diagram of the commercialized NC200 nanocluster

source (developed by Oxford Applied Research). We have attached this nanocluster
source to a UHV chamber which is used for pulsed-laser deposition (Figs. 4.2.2 &
4.2.3). After deposition of the tunneling oxide by the pulsed-laser deposition, a layer of
Ge nanoclusters can be in-situ deposited by the NC200 nanocluster source, and

subsequently, a capping layer of dielectric can be deposited again by PLD.

The UHV chamber in fact can be used for the tunneling and control dielectric layers
deposition such as physical vapor deposition or chemical vapor deposition. The middle
floating gate layer containing nanoclusters of Ge can be deposited in between the two
dielectric layers. The floating gate layer can be either a single or multi layers of Ge
nanoclusters or even a mixture of Ge nanoclusters with the dielectric material by
co-deposition of the Ge nanoclusters with the dielectric. The commercialized nanocluster
source utilizing magnetron sputtering is also illustrated in Fig. 4.2.1, where a Ge target is
used as an atom source, and the sputtered atoms are quenched by colliding with sputtering
gas Ar and form nanoclusters. The nanoclusters are attracted out from the aperture due to
the pressure gradient and form a nanoclusters beam. The size of the beam can be in the
range of 5 cm in diameter. By rotating the wafer, size-uniform and size-controllable
nanoclusters of Ge can be deposited in between the two dielectric layers. Several
nanoclusters, including Si, Ge and SiGe or even metals can be synthesized and studied by

this method.

The experiment of investigating the Ge nanocluster fabricated by using nanocluster

source can be divided into two stages:

LEE Pui Fai 111



a Tre NG KON Chapter 4 — Ge Nanoclusters Grown by the

Q Pl'.}l‘r"l’l SCHNIC UNIV ERSITY Nanocluster Beam Source
?.’/ Tl B LA

1. Uncapped Ge nanoclusters — a study of their size dependence on deposition

conditions
For a simple and quick investigation of the Ge nanocluster size and distribution,
TEM Cu-grid with carbon thin film was first used as the substrate for Ge
nanocluster growth under different growth conditions using the NC200U
nanocluster source. The samples were then subjected to plane-view TEM
examination.

When the growth chamber reached a vacuum of ~I°XPH) sputtering gas
was filled in the aggregation chamber under a differential pumping for reducing
gas pressure in the deposition chamber. Three different parameters in the
nanocluster growth have been studied in our experiment: power of the DC
sputtering, sputtering gas flow rate and target-to-aperture distance (defined as
aggregation length).

By applying sputtering voltage with suitable flow rate of sputtering gas (Ar),
light violet color plasma can be observed through the small aperture. Sputtering
power ranges from 30 to 100 W has been used. Other parameters such as Ar gas
flow rate and aggregation distance have been chosen as 30 — 40 sccm and 60 — 100

mm, respectively.

2. Trilayer nano-floating gate memory structure with Ge nanoclusters embedded
in thin film dielectric matrix

Pulsed-laser deposition was employed to fabricate the tunneling and control gate

oxide layers. PLD is a good method to fabricate compounds because of its

flexibility and ability to control the stoichiometry of compounds. The effect of

growth conditions on the properties of higimaterials, including laser condition
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(including energy density and frequency), substrate temperature, the distance

between target and substrate, annealing condition, have been studied systematically
in Chapter 3.

Ge nanoclusters were embedded in HFAIO matrix to fabricate trilayer MOS
structures composed of a tunnel layer, a nanocluster layer and a control layer
(Table 4.2.1). Thermal annealing i mbient is used to improve the dielectric
films quality in reducing the leakage current. A trilayer structure as illustrated in
previous Chapter (Fig. 3.2.2) was fabricated. Optimized MOS structure parameters
including the thickness of tunneling and control gate layers, the size of and the
density of Ge nanoclusters have been obtained.

Table 4.2.1 Growth parameters of the trilayer sample

Sample Power | Distance | Ar gas | Duration |Temperature
W /mm | flow/sccm| /min /C
050118NCGe (1) 60 60 55 15 500
050119NCGe (iv) 60 100 55 15 600
050217NCGe 60 80 45 45 550
050223NCGe 60 100 45 45 550
050418NCGe (#18) 60 100 55 25 400
050419NCGe (#19) 60 100 55 60 400
050504NCGe 60 100 75 25 420
05051 INCGe 60 100 60 30 420
050720NCGe 120 100 60 30 600
051117NCGe (#A14) 90 100 60 20 600
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4.3 Results

4.3.1 Structural properties

(A) Ge nanoclusters on carbon film

Figure 4.3.1 shows high-resolution TEM images of crystallized Ge nanoclusters on
carbon film. The size of the Ge nanoclusters grown aPG0Ar gas flow rate of 40 sccm
is in the range from 10-30 nm. Figures 4.3.1 (a) and (b)correspond the sputtering power
of 100 and 40 W, respectively, with a fixed aggregation distance of 100 mm. It can be
seen that the Ge nanoclusters are well self-organized and distributed uniformly. The mean
size of the dots fabricated by higher sputtering power is 25 nm and the number density is
calculated to be about 5 x£@m?, while for a lower power the mean size of Ge dots is
10 nm and the density is 2 ¥£@m2. From the inset of Fig. 4.3.1 (a), it can be clearly
seen that the Ge nanocrystals are single crystalline. The observed lattice fringes are
identified as {111} planes of Ge. It can also be seen from Fig. 4.3.1 (a) that the Ge
nanocrystals are spherical in shape. By controlling the deposition time, substrate holder
temperature and also the Ar gas flow rate, more uniform and self-organized Ge

nanoclusters can be formed.
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Figure 4.3.1 TEM images of Ge nanocrystals grown at°60@ith a sputtering power of (a) 100 W
and (b) 40 W. Aggregation distance is fixed at 100 mm and Ar gas flow rate at 40 sccm.
Top-left inset is an image of Ge nanocrystal with a diameter of 20 nm. It shows that the
as-grown Ge nanocrystals are crystalline under this condition. Bottom-left inset
represents the HfAIO/Ge-NC/HfAIO/Si trilayer structure embedded with Ge-NC formed
at 100 W sputtering power.
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The most significant difference between nanocluster source and other vapor

deposition methods is the high energy of the plasma generated by the DC magnetron
sputtering of the desired target material. By controlling the pressure gradient between the
UHV chamber and nanocluster source aggregation chamber, fine and dense Ge
nanocrystals can be formed onto the surface of the desired substrate through a small
aperture. Thus, Ge nanoclusters have a relatively high velocity towards the substrate,
which leads to a uniform distribution of Ge nanocrystals by utilizing the nanocluster
source. According to the observation by cross-sectional TEM as shown in the inset of Fig.
4.3.1, the height of these nanocrystals is about 30-40 nm for the 100-W sample, resulting
in an increased surface roughness on the top dielectric that hinders the application in
nanocrystal floating gate memory. Therefore, the sputtering power of Ge nanocluster
source has been reduced accordingly in the latter runs in order to achieve the memory

effect of the trilayer capacitor structure.

The Ar gas flow rate was found to be another important parameter for the growth of

Ge nanocrystals. Figures 4.3.2 (a) and (b) show TEM images of the Ge nanocrystals
grown at a temperature of 680 with Ar gas flow rates of 40 and 30 sccm, respectively.

The sputtering power for the Ge dots is 40 W and aggregation distance is fixed at 100 mm.
From Fig. 4.3.2 (a), it can be seen that the Ge nanocrystals are well self-organized and
their diameter is about 10 nm. In contrast, the Ge nanocrystals deposited at 30 sccm, as
shown in Fig. 4.3.2 (b), are less dense and smaller than thoes deposited at 40 sccm. This
suggests that when the Ar flow rate decreases, less sputtering gas for initiating the plasma
discharging results in lower sputtering rate, and relatively less Ge nanoclusters are

formed.
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Figure 4.3.2 TEM images of Ge nanocrystals formed by nanocluster source. Both samples are grown at
600°C with sputtering power of 40 W, and fixed magnetron-to-aperture distance of 100 mm.
Only the sputtering gas flow rate is different: (a) 40 sccm and (b) 30 sccm.
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The separation between the magnetron target and aperture (aggregation length)

determines aggregation time and number of collisions among Ge atoms and Ar gas
molecules in the aggregation region, and hence the nanocluster size. A pair of relatively
lower power and lower substrate temperature samples with different aggregation
distances have been investigated by TEM. Our experimental results showed that the
as-grown substrate temperature affects the crystallinity of the Ge nanoclusters. When the
as-grown substrate temperature is lower, i.e.°8)@he Ge nanocrystals are amorphous.
Figure 4.3.3 (a) shows the structure of the as-grown samples containing uniform size
amorphous Ge nanocluster distributed on the carbon film with a mean diameter of 10 nm.
The Ge nanocrystals are isolated to each other with a larger separation as the sample is
prepared at a much lower power (30 W). It is a good sample as a comparison for
high-to-low power. From the TEM image, as shown in Fig. 4.3.3 (b), it can be seen that
the Ge nanoclusters have very small mean diameter of less than 5 nm. It obviously points
out that longer aggregation distance results in larger size of Ge nanoclusters. It can also be
observed that the density of Ge nanoclusters formed under these lower power conditions
is much less than that shown in Figs. 4.3.1 (a) and (b), which is around®icmi0

To sum up, a relatively lower power, shorter aggregation length, shorter
aggregation time and lower Ar flow rate of the nanocluster is necessary for the growth of
Ge nanoclusters with mean diameter of 5 — 10 nm. The desired density of the nanocrystal

can be achieved by controlling the time of growth.
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Figure 4.3.3 TEM images of low density and small mean diameter Ge nanocrystals formed by
nanocluster source under the following condition: 30030 W, 30 sccm. (a) 100 mm,
and (b) 60 mm.
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In order to investigate the Ge nanoclusters by means of AFM, deposition of one
layer of Ge nanoclusters onto p-type Si substrate with a single thin amorphous HfAIO
oxide layer on the surface was carried out. Figures 4.3.4 (a) shows an AFM image of the
Ge nanocrystals grown at the temperature of®0fy nanocluster source. The average
density of the as-grown Ge nanocluster on the thin layer of HfAIO is about?5orti®.

The mean size of the Ge nanocluster is about 25-30 nm with an average separation of
about 60-80 nm, average height is about 20 nm. It is also worth noting that no further high

temperature thermal annealing is necessary to form the Ge nanoclusters.

Figure 4.3.4 (a) AFM images of the Ge nanoclusters on HfAIO/Si substrate. (a) low magnification,

(b) high-magnification, and (c) 3-D view.
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(B) Trilayer structure

After optimizing the Ge nanoclusters growth conditions, trilayer structures with fine
Ge nanoclusters are fabricated. All the as-grown and annealed samples have been
examined by HRTEM, but no Ge crystal lattice fringes can be observed in the embedded
layer. From the high-resolution TEM image, as shown in Fig. 4.3.5 (a), it can be seen that
the HfAIO layers have an amorphous structure and the thicknesses of the tunnel and the
control layers are about 5 and 15 nm, respectively. The absence of Ge crystal lattice is due
to the fact that the Ge nanocluster is not crystallized. Secondary ion mass spectroscopy
(SIMS) analysis as shown in Fig.4.3.5 (c) illustrates the existence of a Ge layer embedded
in the HfAIO matrix. It should be noticed that, for sample with longer deposition time

and sputtering power, dots can be found in the oxide film matrix (Fig. 4.3.5(b)).
[ci/=s]
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(a) Control layer

St

5nm

Figure 4.3.5 (@) A cross-sectional HRTEM image of the memory capacitor structure from the 15-min Ge
nanocluster deposition sample, and (b) 30-min at 120W. (c) The depth profile SIMS result

of the same sample in (a) showing content of Ge-rich layer inside the HfAIO oxide layer.
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4.3.2 Memory characteristics

High-frequency (1 MHzE-V measurement of the memory capacitors incorporating
the Ge nanoclusters revealed significant counter-clockwise hysteresis loop, indicating
successful charge storage in the Ge nanoclusters. Figure 4.3.6 sh@w¢ theves of
the two samples with and without Ge nanoclusters, where the control sample without Ge
nanoclusters shows a typicalV curve without obvious hysteresis loop; and by contrast,
counter-clockwise hysteresis loops are present in the samples with the Ge nanoclusters
indicating charge trapping in the capacitors. It is worth noting that the effect of mobile
ions on the charge trapping can be ruled out, since no significant hysteresis was observed
in the control sample under the same experimental conditions. Various positive and
negative bias voltages have been applied to the MOS capacitors, and the result shows that
the Veg follows the bias voltage. It can be seen in Fig. 4.3.6, that the maximum flat-band
voltage shift AVrg) for the 15 min-deposited Ge nanocluster sample is about 6.0 V under
a -10 to 10 V DC sweep, and the calculated storage charge density corresponding to the
hysteresis loop is up to 1xXm? based on the simple formult)=C,AV, whereC, is
the accumulation capacitance. Since TEM examination couldn’t find any Ge lattice
fringes, we treat Ge as nanoclusters that are embedded in the HfAIO matrix and their size
is neglected in the calculation. Ge-rich HfAIO has the memory characteristics somewhat

between the SONOS and nanocrystal capacitors.
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Figure 4.3.6 High frequency (1 MHZ-V measurements of the trilayer floating gate capacitors
with and without Ge deposition. Large counter-clockwise hysteresis loopAyade 6.0
V can be observed in the sample of 15-min Ge nanocluster deposition. All samples are

normalized with accumulation capacitance of 0.15 nF.

To compare the memory effects of different density/size of Ge nanoclusters, a group
of C-V loops of the samples of 15, 25 and 60-min depositions are shown in Fig. 4.3.7. It
can be seen that under the same sweep bias (-6 to 6 X)/dhor the 15, 25 and 60-min
samples are 2.3, 1.3 and 0.5 V, respectively, i.e., the longer the Ge deposition time, the
smaller theAVes. We believe that the decreasé\Wkg for the sample with longer time of
Ge deposition is because of the decrease in the nanocluster density caused by the Ge
accumulation within the HfAIO matrix. The flat-band voltage shiftg decreases as the
thickness of Ge nanocrystal layer increases, which has been suggested based on a

simulation model by Zhet al.[2].
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Figure 4.3.7 High frequency (1 MHZ-V characteristics of the trilayer floating gate capacitors with:
(1)15-min, (2)25-min, and (3)60-min Ge nanocluster deposition. All samples are

normalized with accumulation capacitance of 0.15 nF.

To evaluate the characteristics of storage charges in the Ge-nanocrystal floating gate
memory capacitors, the storage charge lifetime must be kr@iwvmeasurement results
at room temperature as shown in Fig. 4.3.8 reveal that the capacitance decreases as a
function of time. After injecting electrons at 10 V for 20 s, gate voltage is changed to the
flat-band voltage of -1 V, and the duration of retention is expected to be long enough to
withstand the loss of charge stored in the memory nodes. It can be seen that*after 10
seconds stress, the decay of capacitance for the floating gate memory capacitor with
60-min Ge deposition sample is 8%; while for the 25-min and 15-min Ge deposition

samples, they are 14% and 35%, respectively.

It is worth noting that the Ge nanoclusters deposited for longer time decay less than
that for shorter time deposition, i.e., the retention characteristic of the 60-min sample is

better than that of the 15 and 25-min samples (Fig. 4.3.8). For smaller nanoclusters,

LEE Pui Fai 124



Chapter 4 — Ge Nanoclusters Grown by the
THE HONG KONG

Qb POLYTECHNIC UNIV ERSITY Nanocluster Beam Source
&/ weaiin

Coulomb blockade effect and quantum confinement effect are more significant for the

“write/erase” process. The Coulomb blockade effect raises the electrostatic potential of
the Ge nanocrystals, and the quantum confinement effect shifts the Ge nanocrystal
conduction band energy upward and reduces the conduction band offset between the
nanocrystals and HfAIO (the reported conduction band shift for 5-nm Ge nanocrystal is

0.15 eV )[3]. These two effects make the stored charges more easily tunnel back to the Si

channel area and degrade the retention property.
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Figure 4.3.8C-t characteristics of the trilayer floating gate capacitors with: (1) 15-min, (2) 25-min,

and (3) 60-min Ge nanocluster deposition. The charging voltage is 10 V for 20 s and the

measurement voltage is -1 V.

4.4 Summary

In conclusion, Ge nanoclusters fabricated by utilizing the NC200U nanocluster
source have been investigated based on various growth conditions. Different diameters,
as low as 5nm, of Ge nanoclusters with controllable densities have been acheived.

Based on these preliminary results, prototype trilayer Ge-nanocrystal floating gate
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capacitors with HfAIO highk dielectric have been made by using PLD deposition and the
NC200U nanocluster source. Memory effects have been characterized byCeMing
measurements. A counter-clockwise hyster&si¥ loop has been obtained and a
flat-band voltage shift of up to 6.0 V has been achieved indicating stored electrons in the

Ge nano-floating gate and thus the memory effect.
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Chapter 5 Ag Nanoclusters Grown by the

Nanocluster Beam Source

5.1 Introduction

Compared to semiconductor nanocrystal floating gate memory, metal nanocrystals
have been less explored as charge storage elements in memory devices. However, metal
nanocrystals should present, in principle, advantages and unique features over
semiconductor nanocrystals memory. The major advantages of metal nanocrystals over
their semiconductor counterparts include higher density of states around the Fermi level,
a wide range of available work functions, and smaller energy perturbation due to carrier
confinement [1]. The higher density of states makes metal nanocrystals more immune to
Fermi-level fluctuation caused by contamination. The metal nanocrystals tend to have
more uniform charging characteristics, resulting in more stable memory states. The wide
range of available work functions provides one more degree of design freedom in
engineering the trade-off between write/erase and charge retention, because the work
function of nanocrystals affects both the depth of the potential well at the storage node

and the density of states available for tunneling in the substrate.

By aligning the nanocrystal Fermi level within the Si bandgap under retention and
above the conduction band edge under erase, a large erasing current/retention current
ratio can be achieved even for very thin tunnel oxides. Therefore, the improvement of
trade-off between the fast write/erase and the long retention time of flash memory can
be achieved. Because writing is performed by electron tunneling from Si substrate into

the nanocrystals (thus need to find available states to tunnel into) with writing current
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level similar to erasing current, fast write/erase and long retention time can be achieved

simultaneously in metal nanocrystal floating gate memories [1].

Metal nanocrystals also provide a great degree of scalability for the nanocrystal size.
To enable single-electron or few-electron memories by the Coulomb blockade effect,
smaller nanocrystals are preferred. However, for semiconductor nanocrystals, the band
gap of nanocrystals is widened in comparison with that of the bulk materials due to the
multidimensional carrier confinement that reduces the effective depth of the potential
well and compromises the retention time. This effect is much smaller in a metal
nanocrsytal because there are thousands of electrons in conduction band in a nanocrystal
even in charge neutral state. As a result, the increase of Fermi level is minimal for metal
nanocrystals. We can exploit the Coulomb blockade effect better with metal nanocrystals
to achieve low-power memories without compromising the retention time from quantum
mechanical confinement effects.[1] Waeigal. have proposed a fabrication method by
using electron-beam evaporation method followed by annealing;immbient to

synthesis high-density isolated silver (Ag) nanodots [2].

In this section, some unique features of metal nanocrystal memories in comparison
with their semiconductor counterparts will be discussed. Preliminary results of Ag

nano-floating gate capacitor will be presented.
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5.2 Experiment

Previous chapters have discussed Ge nanoclusters fabrication method. Thus, no
detail descriptions will be presented in this section, but only the growth condition of the
investigated sample will be given. All the trilayer samples consist of embedment of Ag
nanocrystals in the HfAIO thin film matrix (control layer — 15nm, tunnel layer — 5 nm).

Growth conditions of Ag nanocrystals are as follow:

® Substrate temperature : 460

® Ar gas flow rate : 15 sccm

® Aggregation pressure : 770 mTorr

® Sputtering power : 35 W

® Aggregation distance : 100 mm (unless specified otherwise)

® Sputtering time : 2-min (unless specified otherwise)
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5.3 Results

Figure 5.3.1 shows the AFM images of the as-grown sample with 2-min Ag
nanocluster beam source deposition. From these AFM images, it can be determined that

the Ag nanocrystals density of 3 x*16m? and the mean size of the Ag dots is 15 nm .

pigital Instruments ManoScope
Scan size 0.2480 um

b Scan rate 0.5008 wz
Number of samples 512

Image Data Hedght
bata scale

view angle

4'_*_1- light angle

® 0,030 um/div
Z 20.000 renfdiv

Figure 5.3.1 AFM images of the as-grown Ag nanocrystal on HfAIO; (a) surface image, and (b)
3-D view. From the AFM morphology images, the clear boundary indicates that the Ag

nanocrystals are isolated from each other.

Two samples, including 2 and 5-min Ag nanocrystal (NC) depositions, have been
examined by cross-sectional TEM. Figure 5.3.2 shows cross-sectional TEM images of
the annealed trilayer structure of the 2 and 5-min samples containing three layers on
p-type silicon substrate, i.e., the HfAIO control layer, the Ag NCs layer and the HfAIO

tunneling layer. For the 2-min sample as shown in Fig. 5.3.2 (a), the Ag nanocrystals,
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indicated by arrow, embedded in the HfAIO control and the tunneling layers are with a
mean size of about 10 nm; while the thicknesses of the tunneling and control layers are
about 5 and 15 nm, respectively. In contrast, the 5-min sample (Fig. 5.3.2 (b)) shows
much higher density of Ag NCs. It is apparent that the HfAIO layers are in an
amorphous structure, and Ag NCs also show crystallized lattice firings as shown in the

enlarged images in the insets.

Pt electrode

Figure 5.3.2 HRTEM images of the trilayer floating gate capacitors: (a) 2-min, and (b) 5-min Ag

deposition.
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High-frequency (1 MHz)C-V measurement of the Ag NC embedded capacitors

revealed significant counter-clockwise hysteresis loop, indicating successful charge
storage in the Ag NCs. Figure 5.3.3 shows the high-frequénycurves of the four
samples with and without Ag NCs, where the control sample without Ag NCs shows a
typical C-V curve without obvious hysteresis loop; and by contrast, counter-clockwise
hysteresis loops present in the samples with the 1 and 2-min Ag nanocrystals indicating
charge trapping in the capacitor. It can be seen that the maximum flat-band voltage shift
(AVeg) for the 2-min deposited Ag NCs sample is about 1.0 V under a - 4 to 4 V dc bias,
and the calculated storage charge density corresponding to the hysteresis loop is up to
1x10" cmi? based on the formula given by Tiwatial. [3] and Kimet al. [4]. The reason

that the 2-min sample exhibits larger flat band voltage shift compared to the 1-min sample

is that the 2-min sample has larger density of Ag NCs.

However, even though it is apparent that the 5-min sample possesses much larger
density of Ag NCs compared to the 2-min sample, its flat band voltage shift is much
smaller or even no loop can be observed. This is due to the fact that longer deposition
time results in a more coalesced Ag NC layer. A relatively more continuous Ag NC
layer results in easy lateral charge leakage, and therefore, if the tunneling layers is not
thick enough or contains significant number of defects, the memory window (flat band
voltage shift) will be inevitably narrow. In addition, we have observed that the control
layer for the 5-min sample shows porous structure due to the existence of high-density

Ag NCs leading to seed induced low density columnar growth.
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Figure 5.3.3C-V measurement of the trilayer capacitor structure with different Ag nanocluster

deposition time e

mbedded in HfAIO matrix.
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A unique feature for the Ag nanocrystal memory characteristic is that the flat-band

voltage shift does not depend on the sweep voltage. For example, it is shown that the
AVeg under a -4 to 6 V bias is the same as that oAWg under a -4 to 2 V bias (Fig.
5.3.4). This phenomenon is significantly different from semiconductor nanoclusters due
to the unique electronic structure, i.e., there are plenty of states close to the Fermi energy
and therefore smaller energy perturbation caused by the charge storage. By contrast,
semiconductor nanocluster floating gate memory exhibits dependence of memory
window on gate voltage, due to the fact that there are limited number of states in the
conductive energy bands, and therefore, stored charges raise the energy level
significantly and higher gate voltage is needed to make more charges tunnel from the

channel area to the nanocluster [5-7].
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Figure 5.3.4 High frequencg-V measurement with (a) +6 V forward and -4 V reverse bias voltage

and (b) +2 V forward and -4 V reverse bias voltage.
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To evaluate the characteristics of stored charges in the Ag-nanoclusters floating gate

memory capacitors, the stored charge lifetime must be krfewmeasurement results at

room temperature as shown in Fig. 5.3.5 reveal that the capacitance decreases as a
function of time. After injecting electrons at 10 V for 20 s, gate voltage is changed to the
flat-band voltage of -1 V and the duration of retention is expected to be long enough to
withstand the loss of charge stored in the memory nodes. It can be seen that*after 10
seconds applied stress, the decay of capacitance, for the floating gate memory capacitor
with 1 and 2-min Ag depositions, the capacitance decay is less than 10%. It is also

clearly shown that no significant initial charge decay can be observed.
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Figure 5.3.8C-t characteristics of the trilayer floating gate capacitors with 1- and 2-min Ag nanocluster

deposition. The charging voltage is 10 V for 20 s and the measurement voltage is -1 V.
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5.4 Summary

In conclusion, trilayer Ag-nanocrystal floating gate capacitors with HfAIO kigh-
dielectric have been made by using PLD and nanocluster beam depositions. Unique
memory effects with promising retention properties have been achieved. A
counter-clockwiseéC-V hysteresis loop has been obtained and a threshold voltage shift of
1.0 V has been achieved indicating storage electrons in the Ag-nanocrystal floating gate

and thus the memory effect.
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Chapter 6 Conclusion

In conclusion, HfAIO has been selected as the kigkelectric for the nanocrystal
floating gate memory structure throughout the project since it has been shown to be a
promising highk material. By utilizing the two different deposition techniques,
pulsed-laser deposition (PLD) and the nanocluster beam source, Ge nanoclusters and Ag
nanoclusters have been fabricated and promising memory characteristics have been
achieved.

The trilayer nano-floating gate capacitor structure was fabricated by PLD at a
relatively low temperature. Experimental results revealed that relatively low substrate
temperature and growth rate are favourable for the formation of smaller-size Ge
nanocrystals. The growth of Ge under our deposition follows the Volmer-Webber
growth mechanism. Based on the memory effect characterization, the charge storage
and charge retention characteristics have been investigated through the detailed study of
the effects of different size/density of the Ge nanocrystals, various tunneling and control
oxide layer thicknesses and their growth oxygen partial pressure. The self-organized Ge
nanocrystals so formed were uniform in size and distribution with a controllable density.
Flat-band voltage shifiAVeg) and good retention property have been achieved.

By utilizing nanocluster beam source combined with PLD system, high quality
nano-floating gate capacitors have been formed. Nanoclusters of Ge with different sizes
have been formed by varying ionization power, aggregation distances and sputtering gas
(Ar) pressure. Different average sizes, as low as 5 nm, of Ge nanocluster have been
grown with uniform densities. Memory effect of Ge nanocluster floating gate memory
structure consisting of HfAIO higk-dielectric tunneling and control oxides has been

investigated and it revealed stored electrons in the Ge nano-floating gate and thus the
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memory effect.

The nanocluster beam source has been shown to be capable in generating
semiconductor and metal nanoclusters with the size of a few nanometers, which is the
ideal size for nano-floating gate memory application. Silver (Ag) nanocrystals with size
of 10-40 nm have been embedded in HfAIO matrix in the trilayer capacitor structure
and shown a counter-clockwise hystereSi&/ loop indicating stored electrons in
Ag-nanocrystal.

In summary, this project has proposed a nano-floating memory structure as one of
the promising candidates with potential of achieving high-speed, high-density and
low-power consuming memory devices. Fabrication processes of the trilayer
nano-floating memory structure utilizing pulsed-laser deposition and nanocluster beam
source have been developed. However, before reaching the final device fabrication stage,
there is still a lot of rooms for investigating the process capability in conventional
semiconductor industries. Revealing important physics, regarding quantum confinement
and coulomb blockade effects in low-dimensional system, would highly improve the
promise for achieving nanocrystal memory application. More work to the above
aspects is expected in the near future in order to achieve further scaling of conventional

flash memory devices.
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