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The increasing demands on higher density, lower cost, higher speed, better

endurance and longer retention has push flash memory technology, which is

predominant and the driving force of the semiconductor nonvolatile memory

market in recent years, to the position facing great challenges. However, the

conventional flash memory technology using continuous highly doped polysilicon

as floating gate, which is the most common in today’s commercial market, can’t

satisfy these demands, with the transistor size continuously scaling down beyond

32 nm. Nanocrystal floating gate flash memory and SONOS-type flash memory

are considered among the most promising approaches to extend scalability and

performance improvement for next generation flash memory.
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This dissertation addresses the issues that have big effects on nanocrystal

floating gate flash memory and SONOS-type flash memory performances. New

device structures and new material compatible to CMOS flow are proposed and

demonstrated as potential solutions for further device performance improvement.

First, the effect of nanocrystal-high k dielectric interface quality on nanocrystal

flash memory performance is studied. By using germanium-silicon core-shell

nanocrystals or ruthenium nanocrystals buried in HfO2 as charge storage nodes,

high interface quality has been achieved, leading to promising memory device

performance. Next, another crucial challenge for nanocrystal flash memory on

how to deposit uniformly distributed nanocrystal matrix in good shape and size

control with high density is discussed. Using protein GroEL to obtain well

ordered high density nanocrystal pattern, a flash memory device with Ni

nanocrystals buried in HfO2 is demonstrated. For this technique, the nanocrystal

size is restricted to the GroEL’s central cavity size and the density is limited by

protein template. To overcome this limitation, a novel method using self-

assembled Co-SiO2 nanocrystals as charge storage nodes is demonstrated.

Separated by thin SiO2, these nanocrystals can form close packed form to achieve

ultrahigh density. Finally, charge trapping layer band engineering is proposed for

SONOS-type memory for better memory performance. By manipulating the pulse

ratio of Hf and Al precursor during ALD deposition, the band diagram of HfxAlyO

charge trapping layer is optimized to have a Hf : Al ratio 3:1 at bottom and 1:3 at

the top, leading to better trade-off between programming and retention for the of

memory device.
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Chapter 1

Introduction

1.1 Background

The integrated circuit (IC) was invented in 1959 and from that day the rapid

development of silicon based complementary metal-oxide-semiconductor (CMOS)

technology has dramatically changed this world and affected almost every aspect of our

society. Nowadays, the so-called “digital life” is very common in our homes, schools,

businesses and governments. Despite some dips, the semiconductor market has increased

very fast in the last several decades, reaching about $200 billion in 2009 [1.1] and is

expected to keep increasing in the future, as shown in figure 1-1.

Figure 1-1: Size and growth rate of global semiconductor market, 1989-2009H1.
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Semiconductor memory is a key semiconductor technology and widely used in all

most every integrated circuit, holding more than 20% of the total semiconductor market

today. Based on its working principle, semiconductor memories usually can be casted

into several categories: static random access memory (SRAM), dynamic random access

memory (DRAM), and nonvolatile memory (NVM).

Nonvolatile memory is a type of memory device that can retain the stored

information after the power supply is shut off. Since its introduction in 1967 [1.2], the

nonvolatile memory market has increased very fast and is close to 50% of the total

semiconductor memory market as shown in figure 1-2 [1.3]. There are mainly four types

of nonvolatile memory technologies today: Magnetic Random Access Memory (MRAM),

Ferro-electric Random Access Memory (FeRAM), Phase Change Memory (PCM) and

Flash Memory.

Figure 1-2: Worldwide nonvolatile and total memory market: 2002-2010 [1.3].
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Flash memory refers to the memory type where electrical programming can be

done on a single cell, and erasing for multiple cells at the same time. There are two types

of array architecture used for flash memory technology, NOR and NAND, as shown in

figure 1-3. The advantages of NOR architecture are reliable storage and fast random-

access reads, which is usually used for code and data storage in embedded applications;

while, the strengths of NAND architecture are high array density and fast writes. The per-

bit cost of NAND memory is reduced at the expense of random-access read capability. It

is suitable to data only applications as video/audio storage or data logging applications,

where the data will be accessed sequentially.
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(A)NOR array

(B) NAND array

Figure 1-3 Flash memory array architecture.

A typical flash memory unit cell is shown in figure 1-4. It is simple, compact and

looks like a standard MOSFET, except that a tunneling oxide/floating gate/control oxide

stack replaces the gate oxide. There are three basic operation modes for flash memory

cell: programming, erasing and reading. Programming is defined as injection of the
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charges into the floating gate, erasing is defined as removing charges from the floating

gate and reading is defined as accessing the stored information in the memory cell by

measuring the drain current for two different threshold voltages.

Figure 1-4 Schematic diagram of conventional flash memory unit cell.

The working mechanism of flash memory unit cell can be understood from its

band diagram, as shown in figure 1-5. The control oxide, tunneling oxide and the floating

gate form a potential well for charge storage. By applying appropriate external voltages,

the charges can be injected into the floating gate or removed from the floating gate by

tunneling thorough tunneling oxide. However, when the charges are injected into the

floating gate, they are confined in the potential well and can not tunnel out quickly

without an external electrical field.
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Figure 1-5 Schematic band diagram of flash memory unit cell.

The operating principle of a flash memory unit cell is demonstrated in figure 1-6

using n-channel NAND flash memory cell as an example. By applying a positive voltage

to the control gate, the threshold voltage (Vth) of the memory cell increases to VT0,

corresponding to a “0” information state. On the contrary, when a negative voltage is

applied to the control gate, Vth of the memory cell will decrease to its initial value, VT1,

corresponding to a “1” information state. This voltage difference between VT1 and VT0 is

defined as the memory window. Thus, during reading operation, when a voltage, Vread,

which satisfies the condition:

VT1<Vread<VT0, (1.1)

is applied to control gate, the memory cell with “1” stored is ON and a large current flow

through the channel which can be detected. On the contrary, under the same bias

condition, the memory cell with “0” stored is OFF and almost no current flows through
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the channel. In order to achieve fast programming speed, different methods have been

applied to transfer the charges to and from the floating gate, among which the most

commonly used approaches are Fowler-Nordheim tunneling [1.5, 1.6] and channel hot

electron injection (CHEI). [1.7-1.9]

Figure 1-6 Operating principle of an n-channel flash memory cell [1.4].

Due to the advantages of excellent combination of high density, low power

consumption, good in-system rewritability and low cost, flash memory technology is the

dominant technology in today’s nonvolatile memory market. It has made great over the

past decade, as shown in figure 1-7, scaling down down from 256 kb array at 2.0 µm
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design rule at the time of its invention by Toshiba Corporation in 1984, to 32Gb capacity

at 32 nm node technology in 2009.

Figure 1-7. NAND flash memory development historical trend [1.10].

Today, flash memory technology has lots of applications in commercial

microelectronic products, as shown in figure 1-8. It is integrated into logic systems such

as microprocessors to store the information which does not need regular refreshing, including

system software updates, identification and control information. It is also widely used in

cellular phones, digital cameras, digital assistants, music players, hybrid and solid-state

drives and other portable consumer electronic items.
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Figure 1-8 NAND market development in recent years and near future (from Sandisk).

Meanwhile, the demand on the scalability and performance improvement of flash

memory technology for next generation microelectronic devices keeps increasing.

Conventional flash memory with a continuous highly doped polysilicon floating gate, the

most common in today’s commercial market, has faced great challenge.
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1.2 Challenges for flash memory technology and motivation

Since the day it was invented, the evolution of flash memory technology has

closely accompanied the development of modern CMOS technology. Widely known as

“Moore’s Law”, G. Moore predicted that the semiconductor industry would develop a

new technology generation every two years, as well as transistor count per die would

double every eighteen months. Today, this prediction is still used to guide the electronics

innovation in the future.

Table 1-1 and table 1-2 shows the short term and long term requirements for flash

memory technology according to the 2009 International Technology Roadmap for

Semiconductors [1.11]. It predicts that the gate length for NAND flash memory unit cell

would scale down to 19 nm around 2015 and to 11 nm around 2021. This severe scaling

is a great technical challenge and it appears that the physical and practical limits for

scaling are close.



11

Table 1-1 Short term requirements of flash memory technology (ITRS 2009).
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Table 1-2 Long term requirements of flash memory technology (ITRS 2009).
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Furthermore, even bigger challenges are faced for device performance

improvement of flash memory technology. With the memory cell continuously scaling

down, conventional approach using advanced lithography technique to reduce memory

cell size can’t by itself meet the requirement of device performance improvement beyond

32 nm node technology [1.12]. Some important related limits, such as voltage and

reliability issues, have also become big technical challenges.

One fundamental concern of the reliability issue is retention. Industry requires

that the stored information be retained long enough, more than 10 years for nonvolatile

memories. For flash memory technology, the retention time is critically dependent on the

thickness of the tunneling oxide and control oxide that isolate the charge-storing floating

gate from silicon substrate and control gate. Obviously, thicker oxides can considerably

reduce charge leakage current, leading to enhanced retention. However, on the other hand,

industry also requires that programming/erasing operation of a memory cell can be

finished in very short time (~µs) so that the time to fully write a memory with millions of

addresses is technically feasible. A thicker gate-stack will reduce tunneling current during

programming and erasing operation and electrical coupling between the control-gate,

floating-gate and channel, leading to the degradation of the memory performance. Thus,

a good trade-off must be made to balance programming/erasing and retention so as to

satisfy all the requirements of device performance at the same time.

For the silicon dioxide layer with very small thickness (<5 nm), there is a high

probability that defects, as such pin holes, can form a leakage path through the oxide

layer. Furthermore, it is also reported that the high field stressing of the tunneling oxide
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increases the low field leakage current, the so-called stress induced leakage current

(SILC), especially for very thin oxides [1.13, 1.14]. SILC has been modeled as a trap-

assisted tunneling process and linked to the soft breakdown in thin oxides. From the 2009

ITRS, the tunneling oxide thickness will scale down to 6-7 nm in near future and to 4 nm

after 2015 for NAND flash memory. With such thin tunneling oxide, for conventional

flash memory with solid, continuous highly doped polysilicon floating gate, the stored

charges in the floating gate can easily leak to the substrate through lateral charge

migration, resulting in very short retention time, as shown in figure 1-9 [1.15].

Figure 1-9 Schematic diagram of charge loss mechanism for

continuous floating gate flash memory.

One approach widely studied for this challenge is to integrate high-K material in

the memory cell structure. With a larger physical thickness, the leakage current of high K



15

material is several orders of magnitude smaller than that of SiO2 with same equivalent

oxide thickness (EOT), resulting in improved retention characteristics.

Further, alternative device structures should also be explored for the next

generation flash memory technology to offer a solution to continue the device scalability

and performance improvement.

1.3 Introduction of localized charge trapping flash memory

Localized charge trapping memory has been proposed and demonstrated to

overcome the aforementioned retention challenge and extend the scalability of flash

memory technology. Instead of using continuous, highly doped polysilicon as floating

gate, nanocrystals and dielectric layer have been used as floating gate to store injected

charges.

For localized charge trapping memory, after injection from the substrate, the

charges are trapped at the localized sites electrically isolated from each other, as shown in

figure 1-10. The lateral charge migration along the floating gate direction is suppressed.

Thus, although there is some leaking path in the very thin tunneling oxide, only the stored

charges nearby can leak back to the substrate. Most stored charges not close to the

leakage path are retained, resulting in great improvement of retention characteristics.

[1.16, 1.17]
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Figure 1-10 Schematic diagram of charge loss mechanism for

localized charge trap based flash memory.

1.3.1 Nanocrystal floating gate flash memory

Kahng et al. first introduced the concept of nanocrystal floating gate memory in

1970 [1.2]. When recognizing that the stored charges can quickly leak to silicon substrate

for a memory device with continuous metal layer floating gate and a thin (<5nm)

tunneling oxide, they proposed to use isolated metal islands as charge storage nodes to

reduce the leakage current. Following this idea, S. Tiwari et al. successfully demonstrated

silicon nanocrystal floating gate memory device in 1995 [1.16].

Despite being immune to the local defects in the tunneling oxide, the nanocrystal

floating gate flash memory also has some other advantages. One of them is Coulomb

blockade effect. The nanocrystals which are a few nanometers in diameter also behave
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like quantum dots and show quantum confinement of the stored charges. Moving an

electron to the nanocrystal with diameter d will increase the electrostatic potential of this

nanocrystal by e2/2C [1.18], where C is the self-capacitance of the nanocrystal. Thus, this

quantized energy states coupled with the large coulomb energy of nanocrystals ensure a

self-limiting charge injection under applied stress, resulting in more uniform

programming among different cells.

Because of these advantages, more and more research interest has been done in

this area. Various types of nanocrystals have been proposed to work as charge storage

nodes in nanocrystal floating gate flash memory [1.19-1.27]. It is more desirable that the

nanocrystal has a large work function that a deeper potential well can be formed to

achieve better trade-off between programming efficiency and data retention

characteristics. For this reason, metal nanocrystals have attracted more and more

attention in recent years [1.21, 1.22, 1.28]. B. Li et al. also reported using hetero-structure

germanium-silicon nanocrystals to further improve memory performance [1.29, 1.30].

Nanocrystal deposition is another key issue for nanocrystal floating gate flash

memory. Until now, lots of deposition methods have been reported including direct

nanocrystal deposition by chemical/physical vapor deposition [1.21, 1.22, 1.26], partial

oxidation of SiGe films [1.31], aerosol [1.32], direct nanocrystal deposition by atomic

layer deposition [1.27], using self-assembled di-, tri- copolymers as etching mask [1.24,

1.33]. However, with all these reported methods, only limited nanocrystal density and

moderate uniformity of nanocrystal size and distribution can be achieved, which creates a

big bottleneck for device performance, scalability and manufacturability.



18

Band engineering is another commonly used approach for memory performance

improvement, which can also be applied to other types of charging trapping memory.

Sandwich-like tunneling oxide structure such as crested barrier [1.34] or U-shaped barrier

[1.35] and VAROIT structure [1.36, 1.37] have been demonstrated.

1.3.2 SONOS-type flash memory

Short for "Silicon-Oxide-Nitride-Oxide-Silicon", SONOS, is another novel

memory technology considered a promising approach to replace the currently used

continuous highly doped polysilicon floating gate technology [1.38-1.41]. Instead of

using nanocrystals, an insulator layer is used for charge trapping for flash memory

applications. After injection from the substrate, the charges are stored in localized traps

under the conduction band of the charge trapping material. One major advantage of

SONOS-type flash memory technology is that it can be easily produced on existing

fabrication lines and more easily combined with CMOS logic.

Much effort has been put into this area after it was first conceptualized in the

1960’s. Most reported studies have focused on exploring new materials [1.40-1.44]

integrated into SONOS-type flash memory cell to improve charge trapping efficiency.

Some other methods, such as process optimization [1.45] and band engineering [1.46,

1.47] were also proposed and demonstrated to improve the memory device performance.

However, there are still big challenges for the continuous development of this

technology. The most important issue is how to achieving both fast programming/erase

and retention at the same time. [1.48]
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1.4 Objectives

This dissertation addresses some aforementioned challenges faced by the future

generation flash memory technology. New memory device cell structures and new

materials for charge trapping are proposed and demonstrated to improve memory device

performance and extend its scalability so as to potentially provide some solutions to meet

the requirements predicted by the 2009 ITRS.

In chapter 2, the impact of the interface quality between nanocrystals and

control/tunneling dielectric on memory performance is investigated. Germanium is

considered to be suitable material for nanocrystal flash memory applications. However,

the low quality GeOx can easily form on the nanocrystal surface and damage the interface

between the nanocrystal and dielectric, resulting in severe degradation of memory

performance. We demonstrate the use of ultrathin silicon layer to passivate Ge

nanocrystal to create robust nanocrystal-dielectric interface quality and improve device

performance. Ruthenium (Ru) is also demonstrated a suitable metal to work for

nanocrystal floating gate with HfO2 as tunneling/control oxide. Taking advantage of the

fact that a robust interface between Ru nanocrystals and HfO2 can be retained even under

high temperature process, promising memory performance has been achieved.

In the next chapter, one crucial challenge for nanocrystal floating gate flash

memory about how to generate nanocrystal matrix with good shape, size and special

uniformity with high density is addressed. First, the method using self-assembled protein

template to trap nanocrystals, which was recently developed by our group, is extended to

assemble nickel (Ni) nanocrystals on HfO2 surface as charge storage nodes for flash
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memory applications. Secondly, to bypass the density limitation of the protein template

itself, a novel approach using closely self-assembled colloidal Co-SiO2 core-shell

nanocrystals to achieve nanocrystal matrix with ultrahigh density is introduced.

In chapter 4, a novel approach for SONOS-type flash memory performance

improvement through band engineering of the charge trap layer is proposed and

demonstrated. By gradually changing the Hf : Al ratio of HfxAlyO charge trap layer from

bottom to top, the band diagram of the memory gate stack is optimized, leading to better

trade-off between programming and retention of the memory device.

Finally, chapter 5 is a summary of the work. Suggestions for future research are

also presented.
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Chapter 2

Nanocrystal-High K Dielectric Interface Engineering

2.1 Motivation

As aforementioned in the first chapter, nanocrystal flash memory, which uses

discrete nanocrystals as charge storage nodes for the floating gate, is one of the most

promising approaches for next generation flash memory technology. It has great potential

to satisfy the long term requirement of the nonvolatile memory predicted by the 2009

ITRS and has attracted much interest.

Various materials have been studied to work as the charge storage nodes,

icluding Si [2.1-2.4], SiGe [2.5-2.7], Au, Pt [2.8-2.10], Ni [2.11, 2.12]. Germanium is

considered to be an attractive material for nanocrystal flash memory applications because

it has smaller band gap compared to silicon, can form deeper potential well and provide

enhanced carrier confinement [2.13] and is compatible with today's CMOS technology.

However, there is a primary problem of Ge integration as nanocrystal floating gate for

flash memory. A low quality, unstable germanium oxide GeOx is very easily formed at

Ge nanocrystal surface even with a short exposure to ambient or other oxidizing

environments. It also has been reported that GeOx is volatile and can easily diffuse into

surrounding dielectric and degrade interface quality [2.14]. Particularly for flash memory

applications, this low quality interface may induce severe memory reliability degradation.
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Some effective methods are needed to be carried to passivate Ge nanocrystal surface to

increase the Ge nanocrystal thermal stability during the process and prevent oxidation,

leading to a robust interface between Ge nanocrystal and dielectric for good memory

performance.

Metal nanocrystal is considered to be a better choice as nanocrystal floating gate

for memory applications over its semiconductor counterpart due to several advantages.

First, many metals have larger work function, as listed in table 2-1, which can set up

deeper potential well for better charge confinement, the so-called work function

engineering, and results in improved retention characteristics [2.15, 2.16]. Secondly,

metals have higher density of states over Fermi level and metal nanocrystals can be made

very small (~1 nm) without decreasing the potential well depth due to their smaller De

Broglie wave [2.17].

Table 2-1 Work function data for some metals.

Work Function (eV)

Au 5.10

Ag 4.26

Ti 4.33

Ni 5.15

Ru 4.71
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However, it has been reported that the low quality of metal nanocrystal-dielectric

interface may severely degrade the memory device performance. Especially under high

temperature process, metal nanocrystals are easily oxidized when exposed to ambient and

even diffuse into surround dielectrics, resulting in low quality interface [2.18].

Thus the nanocrystal-dielectric interface engineering is necessary for promising

memory performance. HfO2 has been investigated as a promising high-K material to

replace SiO2 for next generation semiconductor device technology [2.19, 2.20]. With a

dielectric constant greater than 20, it has much larger physical thickness under the same

EOT compared to SiO2, which can dramatically reduce the leakage current without

degrade the coupling between the gate and the channel. It has also widely been used as

tunneling/control oxide in flash memory technology [2.21].

In our study, we propose and demonstrate some novel methods to improve the

interface quality between nanocrystals and HfO2 dielectrics. By using a thin Si

passivation layer or choosing suitable metal as Ruthenium (Ru), robust interface can be

achieved, leading to promising memory device performance.

2.2 Ge-Si core-shell nanocrystals

Since first reported in 1996 [2.22], a lot of work has been done on Ge nanocrystal

flash memory. Some of them have focused on how to synthesize Ge nanocrystals,

including partial oxidation of SiGe [2.23, 2.25], plasma enhanced chemical vapor

deposition (PECVD) Ge nanocrystal growth [2.25], low-pressure chemical vapor

deposition (LPCVD) Ge nanocrystal growth [2.26], Ge ion implantation [2.22], thermal
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annealing of Ge grown by electron-beam evaporation [2.27] and sputtering [2.28]. And

the memory devices with Ge nanocrystal floating gate were also reported [2.25-2.32]. But

for most cases of those studies, the investigations are not systematic and may not be

suitable for next generation flash memory technology. Some only showed the memory

window under applied stress conditions without showing any [2.29] or very poor memory

reliability data [2.25, 2.30]. Some reported memory devices with pretty thick SiO2 as

tunneling oxide [2.23], which is not consistent with the scaling tendency predicted by

2009 ITRS. Almost no work focused on the Ge nanocrystal-dielectric interface quality

studies.

Here we demonstrate a novel method to use ultrathin Si layer to passivate Ge

nanocrystal surface to improve its thermal stability. With the improvement of the

resistance to oxidation, the formation of GeOx is minimized to achieve high quality Ge

nanocrystal- HfO2 interface, leading to memory device performance improvement.

2.2.1 Experiment design and device fabrication

To clarify the passivation effects of the silicon shell on Ge nanocrystals, three

types of nanorystals were fabricated as the charge storages nodes in the floating gate of

the nanocrystal memory device as shown in figure 2-1. These three type nanocrystals are:

I) bare Ge nanocrystal, II) Ge nanocrystal with top Si passivation layer, III) Ge

nanocrystal encapsulated in Si passivation layer.

The memory device fabrication started from P-type silicon substrate with the

resistivity about 1-10 ohm.cm. After standard RCA clean and 15 second 1:40 HF dip to
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remove native oxide, about 40Å HfO2 was deposited by atomic layer deposition (ALD)

as tunneling oxide.

Figure 2-1 Schematics of three types of Ge core shell nanocrystals and fabrication

process:

(I) bare Ge nanocrystals,

(II) Ge nanocrystals with top silicon passivation layer,

(III) Ge nanocrystals encapsulated in the silicon passivation layer.

Then Ge nanocrystals were then grown on the HfO2 tunnel oxide surface by hot

wire chemical vapor deposition (HWCVD) for sample I & II using 4% GeH4 in helium as
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source gasses, obtained from Voltaix Inc.. These Ge nanocrystals have an average size

about 8 nm and density around 3×1011 cm-2 shown in figure 2-2.

Figure 2.2 SEM images of Ge nanocrystals on HfO2 surface by CVD,

The average nanocrystal size is about 8 nm, and density is about 3×1011 cm-2.

Sample II was then annealed at a silane partial pressure of 1.9×10-5 Torr for 45

min at 875 K, leading to the deposition of ~20 Ǻ of Si on the Ge NCs. This passivation

silicon shell thickness was determined in situ by taking the ratio of the Ge 2p XPS signal

prior to and after annealing in silane ambient, with the following equation was used to

determine the thickness of the Si layer：
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(2.1))ln(sin
oI

I
t 

Where t is the thickness of the Si layer,

λ is the effective attenuation length for a Si overlayer,

θ is the angle between the X-ray source and energy analyzer,

I is the Ge 2p XPS signal intensity after Si deposition,

Io is the initial Ge 2p XPS signal intensity.

The silicon passivation shell was selectively deposited on the Ge nanocrystals. Only

minimal silicon deposition was observed on the HfO2 according to low Hf 4f attenuation,

as its attenuation was only 0.91 ± 0.13. The induced uncertainty in the Hf 4f attenuation

is due to variations in XPS position for the pre- and post-deposition scans.

Sample III was prepared in a different manner than samples I & II: The hafnia

tunnel oxide was first annealed at 800 K under a silane partial pressure of 1.9×10-5 Torr

for 30 min. Ge dots were then grown by HWCVD and finally the Ge dots were capped in

Si using the same conditions as Sample II.

After the deposition of nanocrystal, about HfO2 control oxide (~150 Å) were

grown by reactive DC sputtering in an Ar/O2 ambient at room temperature using a 99.9%

Hafnium target at a chamber pressure 10 mTorr and went through a 10 min post

deposition annealing (PDA) in N2 ambient with a trace amount of residual oxygen at 500

°C. Finally, 2000 Å TaN electrode deposited by reactive DC sputtering were used to

complete the metal-oxide-semiconductor (MOS) stack structure. Besides the above
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samples, a control sample without any nanocrystals but just containing two layers of

HfO2 was also fabricated.

2.2.2 Device characterization and discussion

Cross-section scan transmission electron microscopy (STEM) and transmission

electron microscopy (TEM) were used to examine the germanium-silicon core-shell

nanocrystal formation in the HfO2 matrix as shown in figure 2.3A, which shows a STEM

image of Ge nanocrystals buried in the HfO2 matrix, and figure 2.3B shows a TEM image

of the Ge nanocrystal encapsulated the passivation layer.



35

(A)

(B)

Figure 2.3 (A) STEM image of Ge nanocrystals buried in HfO2 layers

(B) Cross-section TEM image of Ge NCs encapsulated in Si layer.
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The previous research of Dr. Ekerdt’s group has shown that Ge nanocrystal is

very easily oxidized when exposed to the environment, by X-ray photoelectron

spectroscopy (XPS) study, as shown in figure 2-4. [2.33]

Figure 2.4 XPS analysis of Ge nanocrystals (From Prof. Ekerdt’s group) [2.33].

In-situ XPS analysis was also used to examine the chemical state of the deposited

nanocrystals. For sample I, the Ge 2p XPS spectra clearly show two states of Ge present

for Ge nanocrystal grown on the hafnia tunnel oxide. The Ge feature at ~1220 eV is

indicative of oxidized Ge while the feature at ~1218 eV is from metallic Ge dots. The
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binding energy shift for GeO and GeO2 are 1.8 eV and 3.2 eV, respectively [2.34]. The

Ge feature at ~1220 eV exhibits a binding energy shift of 2.5 eV indicating it is at an

oxidation state between 2+ and 4+ for GeO and GeO2, respectively, and is likely due to

the formation of a hafnium germinate [2.35]. This germinate signal is not from beneath

the Ge dots as the Ge 2p photoelectron has an attenuation length below 1 nm. Thus, the

germinate signal must be originating from the exposed regions between the Ge dots. It is

highly likely hafnium germinate also exists beneath the Ge dots. The treatment of the Ge

dots with silane at 875 K (Sample II) has a marked effect on the hafnium germinate. The

feature at ~1220 eV is no longer seen and the metallic germanium signal has been

significantly attenuated (figure 2-5A). The role silane treatment plays in hafnium

germinate removal was not clear for Ge dots grown on the 40 Ǻ hafnia as the underlying

hafnium silicate at the HfO2/Si interface contributes to the hafnium silicate signal seen in

figure 2.5B. In our experiments done on 250 Ǻ ALD hafnia, the silane reduces the

hafnium germinate to Ge while leading to the loss of some Ge through GeO desorption.

Approximately all the exposed hafnium germinate transforms into hafnium silicate [2.35]

by the following reaction:

(2.2)xx HfSiOGeSiHfGeO 
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(A)

(B)

Figure 2.5 (A) Ge 2p XPS spectra of a) sample I and b) sample II

(B) Si 2p XPS spectra for a) sample II and b) sample I.
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For sample III, the silane anneal at 800 K produces very small mount hafnium

silicate and metallic Si on the surface according to XPS and the Si 2p spectrum of Sample

III is similar to the Si 2p spectrum in figure 2-5B. For Sample II, subsequent Ge dot

growth to this treated surface leads to very little hafnium germinate formation [2.35].

The silane treatment to selectively cap the Ge dots with Si most likely also decreases the

amount of exposed hafnium germinate surfaces. Furthermore, the silane treatment

passivates the Ge dot surface for ex-situ handling for device fabrication. Thus, the silane

treatment serves multiple purposes. It significantly reduces the amount of hafnium

germinate that forms during Ge HWCVD of the Ge dots and passivates the Ge dots from

ambient oxidants for transportation to device fabrication. It also prevents hafnium

germinate formation between the control oxide and the Ge dots. All of these factors lead

to the improved device performance.

High frequency capacitance-voltage tests (1MHz) were used to characterize the

electrical properties of all the memory devices with different type nanocrystals. The

equipment used for the memory performance characterization semiconductor analyzer

4156c and precision LCR meter 4284A. After each stress pulse, a -2V to 2V C-V scan

was applied to determine the threshold voltage (Vth) shift.

From figure 2-6, it is clear that all memory devices with nanocrystals have shown

the storage characteristics. Clear hysteresis of threshold voltage shift about 1.0V can be

observed after 1 second +/- 8V stress. Meanwhile, the control sample only gives out a

very small memory window about 0.1V under the same stress conditions. This indicates

that most of the charge storage in the designed memory devices is not due to the traps in
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bulk HfO2 or traps at the interface of the two HfO2 layers, but is because of the existence

of the nanocrystals. It was also found that the memory window of samples that underwent

silane treatments (sample II and III) is slightly smaller than that of bare Ge dots (sample

I). This may be because that the samples II & III under silane treatment have lower

interface trap density than that of sample I. And these interface trap in sample I was

expected to induce the capture of some more than for samples II and III, which have

fewer interface traps due to reduction of the hafnium germinate by silane treatment,

electrons under same stress conditions.

By using the follow equation, the charge storage density can be calculated:

(3)









nc

ncox
control

ox

nc
th

t
t

xqn
V





5.0

where the nanocrystal density nnc= 3×1011 /cm2 ,

nanocrystal average size tnc= 8 nm,

control oxide thickness tcontrol=15 nm,

tunneling oxide dielectric εox(HfO2)=20,

nanocrystal dielectric constant εnc=16ε0.

under 8V, 10ms stress, the Vth shift of sample III is about 0.37V, it yields x=6.6 as the

approximate number of electrons stored per nanocrystal.
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Figure 2.6 Memory window of memory devices under +/- 8V, 1s stress.

Figure 2-7 shows the device programming and erase characteristics and figure 2-8

shows the retention characteristics of all the devices with nanocrystals. The Samples were

erased at -8V for 100ms to remove electrons in the floating gate before programming. An

obvious retention improvement is seen for samples II and III when compared to sample I.
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Figure 2-7 Programming and erasing characteristics of

memory device samples under 8V stress.

Figure 2-8 Retention characteristics of memory device samples.
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This improvement can be understood in the following way: For sample I, due to

the existence of low quality GeOx/HfGeOx, lots of trap states were created at the Ge

nanocrystal – high-K dielectric interface, as seen in figure 2-9A. With the help of these

trap states, the stored electrons can easily tunnel back to the Si substrate thus degrading

retention. However, for sample III, the Si/HfSiOx shell layer separates the Ge NCs from

ambient oxidants during processing and also helps to change the GeOx/HfGeOx back to

metallic Ge through the chemical reaction (2.2). Thus, a high quality Ge nanocrystal –

high к dielectric interface is achieved and most interface traps are removed, as shown

figure 2-9B. In this case, the charges are stored at the deep traps under the Ge conduction

band, where large activation energy (Ea) is needed to activate the electrons before it can

tunnel back to the Si substrate. This results in better retention characteristics.
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(A)

(B)

Figure 2-9 A) Band diagram of memory device with bare Ge nanocrystals.

B) Band diagram of memory device with Ge-Si core–shell

nanocrystals.
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To verify this, temperature-dependent retention characteristics measurement was

done. Figure 2.10 shows the Arrhenius plot of retention time of sample I & III at room

temperature, 50℃ and 100℃, where the retention time was defined as the time that the

threshold voltage shift decreases by a factor of 50%, compared to the initial value. The

activation energy of sample I is about 0.06eV, while the activation energy of sample III is

about 0.28 eV. This result is consistent with the band diagram shown in figure 2-9.

Figure 2-10 Arrhenius plot of retention time vs. reciprocal temperature.

The device endurance characteristics under stress cycling are shown in figure 2-

11. Samples II and III show better endurance characteristics than that of sample I. The
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reason can be considered that many interface traps at the Ge-Si(Si/HfSiOx) interface are

not stable and may change their trapping properties under stress cycling. From the results,

it can be inferred that some traps may lose their capability to capture electrons/holes, and

for some other traps, it is more difficult to release the electrons/holes after capture,

compared to the beginning.

2-11 Endurance characteristics of memory device samples.
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2.3 Ruthenium (Ru) nanocrystals

A flash memory with Ru nanocrystal floating gate device was reported by D.

Farmer et al.. They fabricated and characterized a memory device with gate stack of

Si/SiO2/Al2O3/Ru nanocrystals/Al2O3/Al, which showed a memory window about 5.4 V

under 11V -11V 11V voltage sweep [2.36]. However, no programming and 

endurance characteristics were reported in their study and also using SiO2 as tunneling

oxide is not suitable for next generation flash memories. In our study, we demonstrate the

memory device with Ru nanocrystals buried in HfO2 as floating gate for memory

applications.

The Ru nanocrystal matrix was generated through rapid thermal post-deposition

annealing (RTPDA) of a thin wetting layer deposition on ALD grown 43 Å HfO2

tunneling oxide layer. The RTPDA method has been widely used to generate metal

nanocrystal matrix on dielectrics [2.8, 2.9]. In our study, it shows that the RTPDA

process parameters, such as annealing temperature (T), annealing time (t), and original

film thickness (d) has big effect on Ru nanocrystal formation on HfO2 surface. Figure 2-

12 shows the atomic force microscopy images of Ru nanocrystal formation results under

different process conditions: (a) d=2 nm, T=600 ºC, t=30 s, (b) d=5 nm, T=700 ºC, t=15

s, (c) d=5 nm, 700 ºC, t=30 s, (d) d=5 nm, T=800 ºC, t=15 s. Obviously, by optimizing

the thermal process and original Ru film thickness, high quality Ru nanocrystal matrix

can be achieved. In figure 2-12(c), the average nanocrystal size is about 12.8 nm and the

density is 4.5×1011 cm-2.
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(A) d=2 nm, T=600 ºC, t=30 s

(B) d=5 nm, T=700 ºC, t=15 s
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(C) d=5 nm, 700 ºC, t=30 s

(D) d=5 nm, T=800 ºC, t=15 s

Figure 2-12 AFM images of Ru nanocrystals on HfO2 surface by RTPDA (1µm×1µm).
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In order to confirm the memory operation, high frequency capacitance-voltage

characteristics was tested on this n-MOS with gate stack Si/HfO2/Ru nanocrystals/HfO2

/TaN structure.

Figure 2-13 show a memory window about 0.68V was found under stress 6V

100ms stress condition, which indicates that the charging and discharging process for the

memory device. Meanwhile, no obvious memory window was found for the control

sample, which indicates that the charging and discharging was process are related to the

Ru nanocrystals.

Figure 2-13 Memory window of memory device with Ru nanocrystal

floating gate under 6V, 100ms stress.

The retention characteristic is shown in figure 2-14. After 104 seconds, the charge

loss rate is about 0.04V/decade with original Vth shift about 1.05V. With extrapolation,
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after 108 seconds, a Vth shift about 0.64V would be retained. This good retention

characteristic benefits from large work function of Ru at 4.71 eV, which creates a higher

barrier to prevent the stored electrons tunneling back to the silicon substrate. It also

indicates that a high quality interface between Ru nanocrystal and HfO2 has been created

during the process. This is consistent with what was reported by [2.36], as shown in

figure 2-15.

Figure 2-14 Retention characteristics of memory device with

Ru nanocrystal floating gate at room temperature.

The programming characteristic is shown in figure 2-16. Under 6V, 1s stress

condition, a 0.82V Vth shift was achieved. With the aforementioned advantages of high

work function and robust Ru nanocrystal-HfO2 interface, thinner tunneling oxide can be

integrated into the memory structure for better programming speed and voltage

scalability, without breaking the retention requirements.



52

Figure 2-15 TEM images of Ru-HfO2 interface after 1000 °C annealing [2.37].

Figure 2-16 Programming characteristic memory device with

Ru nanocrystal floating gate under 6V stress.
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The high quality of interface between the nanocrystals and HfO2 is also one of the

reasons that lead to good endurance characteristic, as shown in figure 2-17. Only slight

memory window degradation was observed for the memory device after 105 cycles of 6V,

100ms applied stress conditions.

Figure 2-17 Endurance characteristic memory device with

Ru nanocrystal floating gate under 6V, 100ms stress.

2.4 Summary

The effect of nanocrystals-high K dielectric interface quality on nanocrystal

floating gate flash memory reliability was studied. By using Ge-Si core-shell nanocrystals

or Ru nanocrystal as charge storage nodes for nanocrystal flash memory floating gate,

robust interface between nanocrystals and high K dielectric were achieved, resulting in

promising memory performance.
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Chapter 3

Nanocrystal Self-Assembly Engineering

3.1 Motivation

With the memory cell size continuously scaling down, one crucial technical

challenge for nanocrystal flash memory technology is how to synthesize the nanocrystals

with good size and shape control and deposit them into uniformly distributed nanocrystal

matrix with high density as charge storage nodes.

The 2009 ITRS predicts that the area of the memory unit cell will shrink down to

less than 1000 nm2 around 2020 [3.1]. Under such small scale, in order to maintain the

advantages of localized charge storage mode, it is necessary to integrate sufficient

number nanocrystals in one memory cell. To meet this requirement, it is very obvious

that the nanocrystals need to be made enough small and assembled with enough density

[3.2]. Furthermore, in each memory cell, there should be almost same numbers of

nanocrystals so as to minimize the memory performance variation among different

memory cell.

Various methods have been carried to deposit nanocrystal matrix [3.3-3.9]. Figure

3-1 shows several nanocrystal matrix deposited by some conventional methods widely

used in nanocrystal floating gate flash memory studies. [3.3-3.5, 3.7] It is very obvious

that these conventional nanocrystal deposition methods can’t meet the requirement of

high density and uniformity as the same time.
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(A) SEM image of CVD grown Ge nanocrystals, 3×1011cm-2 [3.3]

(B) SEM image of Au nanocrystals on SiO2 from RTPDA, ~1011cm-2 [3.4]
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(C) AFM image (2µm×µm) of ALD grown Ru nanocrystals

on Al2O3 surface, 9×1010cm-2, [3.5]

(D) SEM images of Ni nanocrystals self-assembled using

di- block polymer as etch mask, 6×1010cm-2, [3.7]

Figure 3-1 Some conventional nanocrystal deposition methods.
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3.2 Protein mediated Ni nanocrystal assembly

In the recent years, to overcome the limits of conventional semiconductor process

technology, bio-nano techniques for device fabrication have been introduced. Different

biological materials such as DNA, virus, or protein as a tool for processing in nanometer

scale [3.10-3.12].

Chaperonin 60 (GroEL), one of the most widely studied proteins, has a double

ring structure with central cavity at 4.5 nm and wall thickness at 4.6 nm, as shown in

figure 3-2. It was reported that this GroEL can trap nanocrystals to its central cavity by D.

Ishii et al. [3-13]. Based on this mechanism, recently our group has developed a novel

method for nanocrystal deposition. Using a self-assembled GroEL protein as a trap

template, nanocrystal matrix with uniform spatial distribution and high density can be

achieved. This technique was first developed in our group by Dr C. Mao and S. Tang [3-

14]. They have successfully shown that, with this method, PbSe nanocrystals can be

uniformly assembled on SiO2 surface with high density for flash memory application. In

this paper, we try to extended this technique to assemble metal nanocrystals (Ni) buried

in high-K dielectrics (HfO2).
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Figure 3-2 Schematic illustration of chaperonin GroEL.

Figure 3-3 Schematic diagram of chaperonin trapping and

releasing of nanocrystals [3.14].
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Nickel is desirable to work as nanocrystal floating gate of the memory cell for its

several advantages. With a large work function at 5.15 eV, a deep potential well can be

achieved for charge confinement compared to silicon as shown in figure 3-4, leading to

better trade-off between programming/erasing and retention characteristics, and good

voltage scalability. Furthermore, it is compatible with the current CMOS flow without

inducing contamination.

Figure 3-4 Band diagram of memory device with Ni nanocrystal floating gate.

High quality Ni nanocrystals with good shape and size control were synthesized

using a high temperature arrested-precipitation method developed by Murray [3-15] by

Dr. Korgel’s group. This reaction was carried out in a N2 environment on a standard
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Schlenk line. Spherical Ni nanocrystals were prepared by mixing 240.2 mg (1 mmole)

nickel acetate tetrahydrate, 0.316 mL (1 mmol) oleic acid, 0.874 mL trioctylamine (2

mmol), 0.112 mL (0.25 mmol) trioctylphosphine, and 10 mL of diphenyl ether in a 50

mL three neck flask. The solution was purge, while being stirred, with N2 for 10 minutes

at room temperature or until the mixture was homogeneously mixed. Another 25 mL

flask with solution containing 529.0 mg (2.5 mmole) of 1.2 dodecanediol and 2.5 mL of

diphenyl ether was additionally prepared and attached to the schlenk line. Both the nickel

acetate solution and 1.2 dodecanediol solution were heated to 200°C and 80°C,

respectively under N2 flow. At a temperature of 200°C, 0.223 mL (0.5 mmole) of

trioctylphosphine was injected into the nickel acetate solution and subsequently heated to

250°C. The 2.5 mL of the 1.2 dodecanediol solution was then transferred to the nickel

acetate solution. The temperature dropped by ~ 5% but recovered in less than a minute.

The solution was incubated at 250°C for 20 minutes and then cooled to room temperature.

The raw product was collected and cleaned by precipitating out the Ni nanocrystals by

adding excess ethanol to the solution and centrifuging for 10 minutes at 8000 rpm. The

nanocrystals were redispersed in hexane washed two additional times, repeating the

precipitating procedure. No additional size selective precipitation was necessary to obtain

the monodispersity. Nanocrystals were stored in hexane. Size and surface stabilizer of Ni

nanocrystals could be tuned. In order to be well trapped by the protein template, 4-5 nm

Ni nanocrystals were synthesized and stabilized by dodecanethiol were formed using a

recipe described by Stowell et al. [3.16].
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After about 47Å HfO2 was deposited by atomic layer deposition (ALD) as

tunneling oxide, the wafer was pretreated with 5% phenyltriethoxysilane (PTS) solution.

During this procedure, the silane group (-Si-O-C2H5) at one tip of PTS molecules

covalently bonded to the HfO2 surface, forming a self-assembled monolayer as shown in

figure 3-5 A. Then the wafer was floated on the 0.1 mg/ml GroEL solution front side

down for 10 minutes, resulting in GroEL’s central cavity bonding to the other tip of PTS

through hydrophobic-hydrophobic interaction. Thus the GroEL can self assemble into

highly ordered layer, which was shown in figure 3-5B.

Figure 3-5 GroEL Self assembly procedure on HfO2 surface:

(A) PTS treatment: (-Si-O-C2H5) bonding to HfO2 surface

(B) GroEL bonding to PTS.



68

After blown dry with nitrogen gas, this highly ordered GroEL template can be

used as a template to trap Ni nanocrystals. Once nanocrystals were trapped, the PTS and

GroEL template was removed by annealing in the air around 300
o
C. This whole

procedure is shown in figure 3-6. Figure 3-7 shows the TEM image of Ni nanocrystals

after protein mediated assembly. The average nanocrystal size is about 4-5 nm and the

density is about 1012 cm-2, which potentially satisfy the density requirement for long term

nanocrystal flash memory applications. [3.1, 3.2]

Figure 3- 6 Ni nanocrystal assembly procedures:

(A) Self assembled GroEL template

(B)Ni nanocrystal trapped by GroEL template

(C) GroEL removed by annealing, Ni nanocrystals left.
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About 120 Å HfO2 control oxide was deposited by reactive DC sputtering in an

Ar/O2 ambient, and finally 2000 Å TaN electrode deposited by reactive DC sputtering

was used to complete the MOSCAP.

High frequency capacitance-voltage tests (HFCV 1MHz) were used to

characterize the electrical properties of the devices. The threshold voltage (Vth) of the

tested MOSCAP was determined by applying a -1.5V to 1.5V scan after

programming/erasing stress pulse.

Figure 3-7 TEM image of assembled Ni nanocrystal matrix, ~1012 cm-2.

As shown in figure 3-8, a clear memory window about 0.81V can be observed

under ±5V, 1second stress pulse. This observed hysteresis indicates the charging and

discharging process of the flash memory cell. While the programming speed
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characteristics under 5V stress are shown in figure 3-9 for both the device with nickel

nanocrystals and control sample. A clear threshold voltage shift was detected for the

memory device and almost no threshold voltage shift could be found in the control

sample, which means that most of the charge storage is not in the traps in the bulk HfO2

or in the traps at the interface of tunneling and control HfO2 layer. Neither was it induced

by the protein treatment process, which is because that by annealing in the air, the

chaperonin protein was burned and changed into carbon dioxide and water vapor.

Figure 3-8 Memory window memory device embedded

with Ni nanocrystals under ±5V, 1s stress.
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Figure 3-9 Programming characteristic memory device embedded

with Ni nanocrystals under 5V stress.

The room temperature charge retention tests are shown in figure 3-10. After more

than 104 s, a 0.78V memory window still can be observed with the original memory

window at 0.97V. The initial charge loss rate was a little larger and it changes to

0.03V/decade after 104 second. By extrapolation, a memory window about 0.66 V still

can be retained after 108 seconds. This good retention characteristic is benefitting form

from a large work function nickel at 5.15 eV. A large barrier height around is set up for

the electrons tunneling back to silicon substrate. Thus thinner tunneling oxide can be

integrated in to memory structure to achieve higher programming speed and lower

voltage, without breaking retention requirements. Fig. 3-11 shows that only small

memory window degradation was observed for up to 105 stress cycles.
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Figure 3-10 Retention characteristic of memory device embedded

with Ni nanocrystals at room temperature.

Figure 3-11 Endurance Characteristic of memory device embedded
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with Ni nanocrystals under ±5V, 100ms stress cycles

3.3 Self-assembled Co-SiO2 Nanocrystals

Although GroEL-mediated nanocrystal assembly can potentially provide a

solution to create highly uniform spatial distributed nanocrystal matrix with high density

for next generation nanocrystal flash memory applications, there are still some limitations

for this technique. First, in order to be trapped by the GroEL protein template, the

nanocrystal size is restricted to be very close the GroEL central cavity size. Secondly, the

nanocrystal matrix density is limited by protein template and can’t go higher.

Additionally, the whole assembly procedure is complicated.

To overcome this limitation, here we demonstrate a novel method to use self-

assembled colloidal metal-dielectric core-shell nanocrystals as charge storage nodes for

flash memory applications. This method has several advantages: first, synthesized

through biochemical technique, the nanocrystals can be fabricated with precise shape and

size control. Secondly, separated by thin insulator layer, the nanocrystals can be self-

assembled in to close parked nanocrystal matrix without losing localized charge storage

mode.

Co-SiO2 core-shell nanocrystals were fabricated in our study. The solution-phase

synthesis of colloidal nanocrystals is based on standard airless techniques on a Schlenk

line [3-17, 3-18]. Firstly, cobalt nanocrystals were fabricated by using a standard airless

technique. As precursor for cobalt, di-cobalt octacarbonyl (CO2(CO)8) was used. A

solution of 0.54 g. of CO2(CO)8 diluted in 3 mL of anhydrous o-dichlorobenzene (DCB)

was rapidly injected in a three-neck flask containing 0.1 g. of tri-octylphosphine (TOPO)
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and 0.1 mL of oleic acid in refluxing DCB. The temperature of the solution was lowered

after 5 min. and the colloids were recovered using a gas-tight syringe. Secondly, the Co

NCs were coated with SiO2 by adding a 5 mL aliquot of 0.5 mg mL-1 of synthesized

colloids into a solution of 5 mL of Igepal CO-520 in 100 mL of cyclohexane. After this, a

0.6 mL solution of aqueous NH4OH was added dropwise, for subsequent addition of 0.5

mL of tetraethyl orthosilicate (TEOS). This reaction proceeded for 48 hours, after which

the nanocrystals were recovered by employing a solvent/antisolvent purification

technique. This washing step included precipitation with excess hexane and collection by

centrifugation, followed by redispersion in ethanol. Using the water-in-oil microemulsion

technique, the nanocrystals were synthesized with controlled shape and size, where the

diameter of cobalt core is about 3 nm and the SiO2 shell thickness is about 6 nm, as

shown in figure 3-12. This SiO2 shell is still pretty thick for nanocrystal flash memory

commercial applications. However, following this idea, with the optimization of the

chemical process, continuous reduction of the shell thickness may yield ultrahigh density

nanocrystal matrix, which can potentially be s solution to satisfy long term requirements

for flash memory technology as for the 2009 ITRS.

EDX was used to determine the chemical composition of the core shell

nanocrystal. It is very obvious that the Co peak at the nanocrystal core part is strong and

the Co peak at the SiO2 shell part is much weaker, as shown in figure 3-13.
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Figure 3-12 TEM images of synthesized Co-SiO2 nanocrystals.

Figure 3-13. EDX analysis of Co-SiO2 core-shell nanocrystals
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The memory device with the gate stack of Si/3 nm SiO2/Co-SiO2 nanocrystals/16

nm Al2O3/TaN was fabricated to test the electrical properties. High frequency

capacitance-voltage tests (1MHz) were used to characterize the electrical properties of

the devices. The threshold voltage (Vth) was determined by applying a -4V to 4V scan

after each programming/erasing stress pulse.

Figure 3-14 shows programming characteristic under 20V applied stress. A clear

Vth shift about 1.2V was observed after 5 s programming. The retention characteristic is

shown in figure 3-15. Almost no charge loss was observed during the measurement. The

slow programming and very good retention characteristic are both coming from the pretty

thick tunneling oxide. Once the shell thickness is reduced, better trade-off between

programming/erasing and retention can be achieved.

Figure 3-14 Programming characteristic of memory device embedded
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with Co-SiO2core-shell nanocrystals under 20V.

Figure 3-15 Retention characteristic of memory device embedded

with Co-SiO2 core-shell nanocrystals at room temperature.

3.4 Summary

One crucial challenge for nanocrystal floating gate memory is how to deposit

uniform distributed nanocrystal matrix in good shape and size control with high density

to meet the requirement of next generations flash memory technology. In this chapter, we

first extend the GroEL mediated nanocrystal assembly technique, which was recently

developed in our group, to assemble Ni nanocrystals buried in HfO2 into matrix with high

density around 1012 cm-2 with uniform spatial distribution. However, with this technique,

the nanocrystal size is restricted to the GroEL central cavity size and its density is also



78

limited by the protein template. To overcome this, we demonstrate a novel approach to

use self-assembled colloidal metal-insulator core-shell nanocrystal as floating gate of

nanocrystal flash memory. Separated by thin insulator shell, the nanocrystal can be self-

assembled into close packed matrix to achieve ultrahigh density. For both these two

methods, the memory devices were fabricated and promising performances were

achieved.
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Chapter 4

HfxAlyO Charge Trapping Layer Band Engineering for

SONOS-type Flash Memory Applications

4.1 Motivation

As aforementioned in chapter 1, SONOS-type [4.1-4.3] flash memory and

MANOS-type flash memory [4.4, 4.5], are also considered promising approaches to

extend scalability and performance improvement to replace the continuous highly doped

floating gate technology for next generation flash memories. Selected insulator layer is

integrated into flash memory cell as charge trapping layer. When charge is injected, it is

stored at the localized deep trap level under the conduction band of the charge trapping

material, leading to improved retention characteristic with the tunneling oxide scaling

down. Another major advantage of this technology is that the SONOS-type flash memory

technology is compatible with today’s CMOS process flow and can be fabricated in a

near planar structure with thin gate stack suitable for extension of pitch scaling. However,

there are also big challenges for its continuous development. One crucial challenge how

to achieving both fast programming/erasing and retention at the same time [4.6].
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Since its first invention, much effort has been devoted to this area, which mostly

can be divided into two categories: the development of novel programming methods, and

the development of novel process and device structures.

Most reported findings till today are mainly from novel materials integrated into

SONOS memory structure as charge trapping layer for better performance. Various types

of dielectrics, such as SiN [4.1, 4.2], HfO2 [4.7, 4.8], HfxAlyO [4.9], Ta2O5 [4.10], Y2O3

[4.11], have been reported to work as charge trapping layer with promising memory

performance.

Another widely used approach to improve memory device performance is band

engineering. SiO2/Si3N4/SiO2 (ONO) [4.12], SiO2/Si nanocrystals/SiO2 [4.13] sandwich

structures were reported as tunneling oxide structure for retention improvement, Al2O3

was used to replace SiO2 as blocking oxide to improve programming characteristic [4.14].

Additionally, process optimization can also help to improve the memory device

performance. By using high temperature deuterium annealing, retention and endurance

can be improved instead of using hydrogen annealing [4.15]. A p+ poly gate has been

reported to suppress the top gate electrode injection current [4.2].

In this paper, we present a novel approach to improve the memory device

performance through band engineering of the charge trapping layer. By optimizing the

band structure of the gate stack of the memory cell, better trade-off between

programming and retention characteristic is achieved.
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4.2 Electrical properties of HfxAlyO as charge trapping layer

HfxAlyO has been report as charge trapping layer for memory applications. Y. Tan

et al. have reported that by incorporating Al in to HfO2 layer, better memory performance

can be achieved compared to the device with HfO2 [4.9]. They attributed this memory

performance improvement to some advantages of HfxAlyO over HfO2. First, the

recrystallization temperature of HfxAlyO increases with Al incursion, leading to better

retention characteristic. Secondly, by appropriately controlling Al incursion ratio, the trap

density increases.

One important point related to the SONOS-type memory retention characteristic

is the trap energy level. After the electron is injected into the charge trapping layer, it is

stored at the traps under the conduction band of the charge trapping material. To tunnel

back to substrate, the stored electron must be first excited to the conduction band. Thus,

the trap level under conduction band has great effect on the device retention characteristic

and it has to be deep enough under conduction band so that the stored charge will not be

excited easily. The charge excitation from trap level to conduction band are guided by

Frenkel-Poole emission as shown in the following equation [4.16],

(4.1)
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where J is the current density ,

E is the applied electric field,

EA is the energy needed to excite the stored electrons from trap level to

conduction band,
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The trap energy level of HfxAlyO is related to the Hf : Al ratio in the material. By

measuring the Frenkel-Poole current at different temperature, the excitation energy EA

can be extracted. With this method, C. Yeh et al. has shown that the trap level of ALD

grown HfxAlyO gets larger with the content of Al : Hf ratio increasing, as shown in figure

4-1, which increases from about 0.5 eV under conduction band to about 1.5 eV under

conduction band [4.17].

Figure 4-1 Trap energy level under conduction band

of HfxAlyO with various Hf/Al ratios [4.17].
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4.3 Band engineering of HfxAlyO charge trap layer

Here we demonstrate a method to optimize the band structure of HfxAlyO charge

trapping layer by changing the Hf : Al ratio from bottom to top for SONOS-type

memory applications.

In our study, HfxAlyO charge trapping layer was deposited by ALD. The chamber

base pressure is about 1.8×10-3 Torr, inner/out chamber deposition temperature at 250 ºC

and 200 ºC. Detailed deposition recipe for each Hf cycle and Al cycle is shown is Table

4-1 and Table 4-2. With these recipes, the deposition rate of HfO2 is at 0.92 Å and Al2O3

is at 0.97 Å.

Table 4-1 ALD HfO2 deposition recipe.

Table 4-2 ALD Al2O3 deposition recipe.

Valve number Pulse time (s) Exposure time (s) Pump time (s)

0 0.03 0 6

4 0.35 0 6

Valve number Pulse time (s) Exposure time (s) Pump time (s)

0 0.015 0 5

1 0.025 0 5
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After a standard RCA cleaning process, about 25 Å SiO2 was thermally grown at

850 ºC. as tunneling oxide. By manipulating the Hf and Al pulse cycles, the HfxAlyO

layers with different Hf : Al ratio was deposited. Sample I was with a fixed Hf : Al

content ratio at 3:1 and Sample II is at 1:3; while, the Hf : Al ratio of Sample III

gradually changed from bottom at 3:1 to the top at 1:3, as summarized in Table 4-3. In

the experiment, the charge trapping layer of each sample was designed to have same EOT.

Due to the different dielectric constant, the physical thickness of the charge of each

sample is different, as shown in Table 4-4. Then about 105 Å SiO2 was deposited as

control oxide by low pressure chemical vapor deposition (LPCVD).

Table 4-3 Hf : Al ratio for three types of HfxAlyO charge trapping layers.

Table 4-4 EOT and physical thickness of HfxAlyO charge trapping layers.

Sample I Sample II Sample III

Hf/Al ratio 3:1 1:3 3:1 1:3

EOT (nm) Dielectric constant Physical thickness (nm)

Sample I ~2 ~18.5 ~9.5

Sample II ~2 ~16 ~8.2

Sample III ~2 ~12.5 ~6.5
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Now the trap energy level of the charge trap layer can be calculated from Hf : Al

ratio at different position. And together with energy gap and band alignment for HfxAlyO

to Si [4-18], the band diagram of the gate stack for all three memory device can be

achieved, as shown in figure 4-2.

(A) Band diagram of sample I
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(B) Band diagram of sample II

(C) Band diagram of sample III

Figure 4-2 Gate stack band diagram of all three memory devices.
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4.4 Device characterization and discussion

The programming characteristics for all three devices with HfxAlyO charge trap

layer are shown in figure 5-3. As expected, obvious threshold voltage Vth shift was

observed for all three samples with HfxAlyO charge trap layer clearly indicating charging

and discharging process under applied stress. Meanwhile, no obvious memory window

was found for control sample, which indicates that most injected charges were stored in

the HfxAlyO layer. Under 15 V, 500 ms stress condition, sample III shows a threshold

shift about 4.1V and sample I showed a memory window about 3.7V. Meanwhile, sample

II only shows a much less memory window about 1.2V. This programming characteristic

difference may be caused by several reasons. First, with the same EOT, sample II has a

smaller physical thickness, as shown in table 5-2, which reduces the charge trapping

effectiveness. Secondly, with very large Al content, sample II may have a lower trap

density, compared to sample I and III. Finally, the large band offset to the silicon

substrate of sample II also affects the programming characteristic.
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Figure 4-3 Programming characteristics of memory devices with

HfxAlyO charge trap layer under 15 V stress.

Figure 5-4 shows the retention characteristics of all memory devices. For sample I

with an initial Vth shift about 4.4V, the charge loss rate after 104 seconds is about 0.32

V/decade. With extrapolation, after 108 seconds, the remaining Vth shift is about 2.1V,

corresponding to a 52.3% stored charge loss. For sample II with an initial Vth shift about

2.9 V, the charge loss rate after 104 seconds is about 0.09V/decade. With extrapolation,

after 108 seconds, the remaining Vth shift is about 2.33V, corresponding to a 20.5% stored

charge loss. For sample III with an initial Vth shift about 4.4 V, the charge loss rate after
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104 seconds is about 0.13 V/decade. With extrapolation, after 108 seconds, the remaining

Vth shift is about V, corresponding to a 22.7% stored charge loss.

Figure 4-4. Retention characteristics of all memory devices with

HfxAlyO charge trap layer at room temperature charge

loss rate after 108 s: (1) sample I: 52.3%,

(2) sample II: 20.5%, (3) sample III: 22.7%.

The retention improvement of sample III compared to sample I can be understood

as follows: during programming, the electrons are more likely injected into deep trap

levels, which needs high activation energy to excite them to the conduction band before it
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can tunnel back to the silicon substrate, leading to the improvement of retention

characteristic.

4.5 Summary

In this chapter, we have proposed a novel approach to improve the SONOS-type

flash memory performance through band engineering of the charge trapping layer. ALD

grown HfxAlyO is integrated in to the memory cell for charge trapping in our study. By

manipulating the impulse ratio between the Hf and Al precursors, the Hf : Al ratio

changes from about 3:1 at bottom to about 1:3 at the top. Better trade-off between

programming and retention of the memory performance has been achieved.
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Chapter 5

Conclusions and Future Work

5.1 Conclusions

The conventional flash memory technology with continuous highly doped poly-

silicon floating gate, which is the most common in the commercial market, has faced its

limit nowadays. The future improvements in density, performance and cost-per-bit would

likely involve a re-thinking of the cell architecture and/or a switch to an alternate

technology. The localized charge trap based flash memory, as nanocrystal floating gate

flash memory and SONOS–type flash memory, is considered one of the most promising

methods to extend the device dimension scalability and performance improvement.

Taking the advantage of the physically and electrically isolated charge storage mode, it

provides better immunity to the defects in tunneling oxide, resulting in improved device

reliability.

This dissertation addresses the studies to improve performance of nanocrystal

flash memory and SONOS-type flash memory. Various approaches through floating gate

engineering have been carried to achieve good programming/erase, retention and

endurance. First, the effect of the quality of the interface between nanocrystal and

surrounding dielectric on nanocrystal flash memory performance was studied.

Germanium-silicon core shell nanocrystal was fabricated by using an ultrathin silicon
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layer to passivate germanium nanocrystal through silane annealing treatment. Ruthenium

was also chosen to charge storages so as to create high quality interface between

nanocrystals and high-K dielectric, resulting in good memory performance. Secondly,

protein-mediated nickel nanocrystal self-assembly and colloidal metal-dielectric

nanocrystal self-assembly were studied to generated uniformly distributed nanocrystal

matrix with precise shape and size control with high density, which may potentially meet

the long term-requirement for generations of flash memory technology. Furthermore,

band engineering of the charge trapping layer was introduced as a novel approach to get

better trade-off between programming and retention characteristics for SONOS-type

memory.

5.2 Suggested future work

5.2.1 Colloidal Co-SiO2 nanocrystal self-assembly

In chapter 3, colloidal metal-dielectric nanocrystal self-assembly was introduced

as a novel technique to obtain ultrahigh density. However, it is only a start, and there is

still a lot of work needed. First, new chemical method for synthesizing smaller

nanocrystal and thinner dielectric shell needs to be explored for continuous improvement

of nanocrystal density. Secondly, the self-assembly process can be optimized, such as to

use LB equipment to improve nanocrystal matrix uniformity. Additionally, SiO2 is not

suitable for next generation flash memory technology. It is necessary to integrate high K

material as shell. Combined with tunneling oxide, this high K shell may also serve as part

of “VARIOT” structure for band engineering [5.1, 5.2].
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5.2.2 Band engineering of SONOS-type flash memory

In chapter 4, preliminary electrical data have shown that better trade-off between

programming and retention can be achieved through the band engineering of the charge

trap layer. HfxAlyO is chosen as charge trap layer. Following this method, it is interesting

to explore some other dielectrics which have deeper trap level and smaller conduction

band offset to silicon for further memory performance improvement. Additionally, It is

also valuable to try to combine charge trap layer band engineering together with

tunneling/control oxide engineering to optimize the band structure of all memory gate

stack for available memory performance improvement. [5.3, 5.3, 5.4]
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